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SYNTHESIS AND CHARACTERIZATION OF NATURAL OIL BASED 
URETHANE ACRYLATE COATINGS 
SUMMARY 
As many polymeric materials, raw materials of urethane acrylate coatings has been 
petroleum-derived chemicals. However, petrochemical resources are in fact limited 
resources and in a certain period of time will be depleted. Due to economic 
competitiveness, environmental issues and the importance of sustainability, there has 
been a requirement in search of a renewable substances and technologies. Moreover, 
relating to increasing environmental concerns based upon petroleum-derived 
chemicals, there has been published strict regulations about VOC (Volatile Organic 
Compound). The VOC content of coatings gives rise to emissions of VOCs into the 
air, which contribute to the local and transboundary formation of photochemical 
oxidants in the boundary layer of the troposphere. These reasons have driven the 
researchers and industrialists to explore new materials and technologies to improve 
the efficiency of organic coatings at a minimum VOC. One of these technologies has 
been radiation curing. Radiation curing coatings cure without any evaporation of 
solvent and with low energy consumption. Urethane acrylates are used in radiation-
curing coatings for industrial applications. The development goal in the area of 
urethane acrylates is to combine the high performance and many possible 
applications of polyurethane coating systems with the curing rate and efficiency of 
photopolymerization. 
Due to their universal availability, inherent biodegradability and low price, vegetable 
oils have become an area of intensive interest for both academic and industrial 
research as platform chemicals for polymeric materials. Therefore, two different kind 
of natural oil based polyols were used to produce urethane acrylate coatings in this 
study.  
Furthermore, in order to produce the urethane acrylate, isocyanate bearing urethane 
acrylate was used which is used in the formulation of two-component polyurethane 
coatings, and as an adhesion promoter in UV curing coatings. The acrylate 
functionality cures by free radical polymerization, while the isocyanate group reacts 
with a hydroxyl group to form a urethane linkage. Isocyanate bearing urethane 
acrylate is preferred due to its high cure speed, low temperature processing, and 
excellent finish properties such as chemical and scratch resistance. Furthermore, 
urethane acrylates are used as binders in the mono-cure and dual-cure systems. Dual 
cure systems including UV curing and thermal curing provide better curing 
performance on thick pigmented coatings or in the areas which cannot be reached by 
light on coated 3D objects. The produced coatings with improved flexibility and 
adhesion can be used for substrates such as plastic, metal, exotic woods. 
xxii 
 
In this study, after synthesized the urethane acrylate resins from natural oil based 
polyols and isocyanate bearing urethane acrylate, forty one different film 
formulations were prepared in company with various diluents in order to obtain 
cured films via UV and thermal curing. Furthermore, the thermal and mechanical 









DOĞAL YAĞ BAZLI ÜRETAN AKRİLİK KAPLAMALARIN SENTEZİ VE 
KARAKTERİZASYONU 
ÖZET 
Boya ve kaplamalar; genellikle reçine, solvent, pigment, dolgu maddesi ve katkı 
maddelerinden oluşur. Reçineler kaplamaların iskeletini oluşturan ana yapılardır ve 
kaplama formulasyonundaki bu özelliklerinden dolayı kaplamalar genellikle 
kullanılan reçine çeşidine göre adlandırılırlar. Akrilik, alkit, üretan, epoksi reçineler 
örnek olarak verilebilir. 
Bu çalışmada doğal yağ bazlı üretan akrilik kaplaması sentezlenmiş, 
karakterizasyonlarını yapmak amacı ile çeşitli testler uygulanmış ve sonuçları 
yorumlar ile birlikte paylaşılmıştır.  
Çoğu polimerik malzeme gibi üretan akrilatların da hammaddeleri zamanla 
tükenecek olan petrol türevi ürünlerdir. Dünya çapında, ekonomik rekabet, çevresel 
problemler ve sürdürülebilirliğin önemi nedeniyle, yenilenebilir malzeme ve 
teknolojilerin araştırılması ihtiyacı doğmuştur. Ayrıca petrol türevi ürünlere bağlı 
olarak artan çevresel kaygılar nedeni ile uçucu organik bileşikler hakkında ciddi 
yönetmelik ve düzenlemeler yayınlanmaktadır.  
Kaplamalardaki uçucu organik bileşik içeriği havadaki uçucu organik bileşiklerin 
emisyonunun artmasına ve troposfer sınır tabakasındaki fotokimyasal oksidantların 
yerel ve sınır ötesi oluşumuna katkı sağlamaktadır. Bu sebeple araştırmacılar ve 
sanayiciler minimum uçucu organik bileşik içeriğine sahip etkin organik 
kaplamaların elde edilmesi için yeni malzeme ve teknolojiler araştırmaya 
yönlenmişlerdir. Bu teknolojiler arasında en çok bilinenlerden biri de radyasyonla 
(UV ile) kürlenmedir.  
Radyosyanla kürlenebilen kaplamalar herhangi bir solvent buharlaşması olmaksızın 
kürlenme prosesini gerçekleştirmekle birlikte kürlenme daha düşük enerji tüketimi 
ile gerçkleşir.  
Üretan akrilatlar genellikle radyasyonla kürlenebilen endüstriyel boyalarda kullanılır. 
Üretan akrilatların geliştirilme amacı yüksek performans etkili fotopolimerizasyon ve 
kürlenme hızı ile poliüretan boya sistemlerinin çok çeşitli uygulamalarla 
birleştirilmesidir. 
Küresel olarak ulaşılabilir, doğal olarak biyoçözünür ve düşük fiyatlı olmaları 
nedeniyle, bitkisel yağların polimerik malzemeler üretiminde kullanılmaları 
konusunda, hem akademik hem de endüstriyel alanda yoğun araştırmalar 




Bitkisel yağlar ve hayvansal yağlar doğal yağ bazlı poliol üretmek için kullanılabilen 
kaynaklardır. Biyobazlı poliol üretiminde en çok kullanılan doğal yağlar; soya yağı, 
hint yağı, kolza yağı, palm yağı, kanola yağı ve ayçiçek yağıdır. Doğal yağ bazlı 
polioller; başta poliüretan elastomerlerin, esnek köpüklerin, boyaların, yapıştırıcıların 
ve katı köpüklerin olmak üzere çok çeşitli malzemelerin üretiminde 
kullanılabilmektedirler. 
Üretan akrilat üretebilmek için, iki bileşenli poliüretan kaplamaların 
formülasyonlarında kullanılan ve UV ile kürlenebilen kaplamalardaki yapışmaya 
destek vermesi amacı ile izosiyanat uçlu üretan akrilat kullanılmıştır. İzosiyanat 
grubu polioldeki hidroksil grubu ile reaksiyona girip üretan bağı oluştururken, akrilik 
fonksiyonlu kısım serbest radikal polimerizasyonu ile kürlenir. 
Poliol ve izosiyanat arasındaki üretan reaksiyonu DBTL katalizörü varlığında, azot 
atmosferi altında ve oda sıcaklığında gerçekleştirilmiştir. Poliol ve izosiyanat 
arasındaki üretan reaksiyonu belirli sıklıkta IR analizleri yapılarak takip edilmiş ve 
reaksiyon boyunca izosiyanat miktarındaki değişim IR spektrumundaki ilgili pikler 
vasıtasıyla gözlemlenerek, ilgili izosiyanat bağını gösteren pikin sıfırlanmasının 
görülmesi ile izosiyanat miktarının tamamen tükendiği anlaşılarak reaksiyon 
sonlandırılmıştır.  
İzosiyanat uçlu üretan akrilat; yüksek kürlenme hızı, düşük işlem sıcaklığı, kimyasal 
ve aşınma dayanımı gibi çok iyi son ürün özellikleri nedeni ile bu çalışmada 
kullanılmak üzere tercih edilmiştir. Ayrıca, üretan akrilatlar tek ve çift kürlenebilen 
sistemlerde bağlayıcı olarak kullanılmaktadırlar. UV ile kürlenebilen ve sıcaklık ile 
kürlenebilen olmak üzere çift kürlennmeye uygun sistemler kalın pigmentli 
kaplamalarda ve üç boyutlu parçaların ışık görmeyen yüzeylerinde iyi kürlenme 
performansı gösterdikleri için tercih edilmektedirler.  
Yüksek esneklik ve yapışma özelliği ile üretilen bu üretan akrilat kaplamalar plastik, 
metal ve egzotik ahşap yüzeylerinde kullanılabilirler.  
Radyasyon ile kürlenebilen kaplamalar ve geleneksel kaplamalar arasındaki en temel 
farklardan biri, radyasyon ile kürlenebilen sistemlerde reaksiyonun gerçekleşmesi 
için fotobaşlatıcı kullanımına ihtiyaç duyulması olup; bir diğer önemli fark da çapraz 
bağlanma sırasında geleneksel kaplamalarda kullanılan solvent buharlaşarak 
kaplamadan uzaklaşırken, radyasyon ile kürlenebilen sistemlerde herhangi bir 
buharlaşma olmaksızın kaplamayı oluşturan tüm bileşenler kaplama içinde kalarak 
çapraz bağlanma gerçekleşmektedir.  
UV ile kürlebilen kaplamalar bu nedenle uçucu organik bileşik içermezler, yani 
kaplama içinde bulunan tüm bileşenler son üründe de bulunmakta ve son ürünün film 
özelliklerine katkı sağlamaktadır. Bu nedenle uçucu organik bileşik içermeyen ve 
düşük enerji tüketimi sağlayan radyasyon ile kürlenme teknolojisi hem ekonomik 
hem de çevresel avantajları yüzünden bu çalışmada kullanılmak üzere tercih 
edilmiştir.  
 
Bu çalışmada, izosiyanat uçlu üretan akrilat ve iki farklı doğal yağ bazlı poliolden; 
iki farklı üretan akrilat reçineleri sentezlendikten sonra, silika, bor akrilat, bor nitrür, 
çeşitli diakrilat ve triakrilat içeren seyreltici bileşenler kullanılarak kırk bir farklı film 
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formülasyonu hazırlanmıştır. Hazırlanan formülasyonların içeriğine bağlı olarak 
üretan akrilat kaplamlar UV veya sıcaklık yolu ile kürleştirilmiştir.  
 
UV ile kürleştirilen üretan akrilat kaplamalar pleksi cam ve teflon kalıplar üzerine 
uygulanmıştır. Farklı film formülasyonlarına sahip herbir filmin, karakterizasyon 
deneylerini yapmak amacı ile termo gravimetrik (TGA) analizleri, içerdikleri jel 
miktarlarının ölçümleri, çeşitli solventlere karşı gösterdikleri dirençler, temas açısı 
ölçümleri, parlaklık testleri, sarkaç sertlik testleri, kalemli sertlik testleri ve 
hızlandırılmış hava koşullandırma testleri uygulanmış olup, kürlenen filmlerin termal 
ve mekanik özellikleri incelenmiştir. Her bir film için ilgili test sonuçları verilmiş 
olup, farklı poliollerden sentezlenen üretan akrilat reçinelerinin ve formülasyonlarda 
seyreltici olarak yer alan silika, bor akrilat, bor nitrür, çeşitli diakrilat ve 
triakrilatların kaplamalara kattığı özellikler de test sonuçlarına göre yorumlanarak 
çalışmada paylaşılmıştır.  
Ayrıca, bloklanmış izosiyanat içeren çeşitli  film formülasyonları hazırlanmış olup, 
ilgili formülasyona sahip kaplamalar katalizör varlığında termal olarak 
kürlendirilmiştir. Termal kürleştirme yapılan Bloklanmış izosiyanat içeren bu 
kaplamaların termal kürleştirme işlemi cam yüzey üzerinde gerçekleştirilmiştir. İlgili 
üretan akrilat kaplamalara da karakterizasyon deneylerinin yapılması amacı ile TGA 
analizleri, içerdikleri jel miktarlarının ölçümleri, çeşitli solventlere karşı gösterdikleri 
dirençler, temas açısı ölçümleri, parlaklık testleri, sarkaç sertlik testleri, kalemli 
sertlik testleri ve hızlandırılmış hava koşullandırma testleri uygulanmış olup; termal 
kürlenen ve bloklanmış izosiyanat içerikli bu üretan akrilat kaplamaların termal ve 
mekanik özellikleri incelenmiştir. Her bir film için ilgili test sonuçları verilmiş olup, 
formülasyonlar hazırlanırken farklı miktarda kullanılmış olan bloklanmış izosiyantın 





























Urethane acrylates are used in radiation-curing coatings for industrial applications. 
The development goal in the area of urethane acrylates is to combine the high 
performance and many possible applications of polyurethane coating systems with 
the curing rate and efficiency of photopolymerization. The outstanding properties of 
urethane acrylates in comparison to epoxy, ester or ether acrylates are: mechanical 
resistance properties, flexibility and adhesion. Urethane acrylates are used as binders 
in the mono-cure and dual-cure systems, as well as in UV-curing dispersions and 
powders. 
Isocyanate-urethane acrylates are a special group used in dual cure technology. 
Isocyanate- urethane acrylates are used in coatings systems that are crosslinked by 
photochemically or thermally initiated radical polymerization. They are also used in 
the formulation of two-component polyurethane coatings, and as an adhesion 
promoter in UV and electron beam curing coatings. 
Radiation curing formulations cure without any evaporation of solvent. Radiation 
curing is a fast and efficient method to convert a liquid film into a solid material by 
exposure to radiation. Being no VOC (Volatile Organic Compound) and low energy 
consumption are both distinct ecological and economic advantages over thermal or 
physical drying processes. 
In this study, in order to obtain cured urethane acrylate coatings, the film 
formulations prepared mainly by various diluents, photoinitiators or catalysts 
according to the curing method, and urethane acrylate resins which are produced via 
the reaction between isocyanate-bearing urethane acrylate and natural oil based 
polyols. Natural oil based polyols are used due to problem facing polyurethanes is 
their dependence on petroleum derivative products. Petrochemical resources, used 
intensively in the worldwide chemical industry are in fact limited resources. As the 
oil crisis and global warming effects rise, the study of polyurethane based on 
renewable resources has been interesting. Furthermore, increasing the awareness of 
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sustainability and the effects of VOCs to the environment make people to find some 
new sources for the production of polyurethane including materials. As an 
inexpensive material, vegetable oils have been one of the most important substances 
of bio-resources for producing polymeric materials. Due to their worldwide 
availability and naturally biodegradability, vegetable oils have become an attractive 










2. THEORETICAL PART 
2.1 Coatings 
The European Standard DIN EN 971-1 defines paint as liquid, paste or powder 
coating materials which enable optically opaque coatings to be produced with 
decorative, protective and, if necessary, also specific technical properties. In the 
English speaking world the term “coatings” is often synonymous for paint. 
Coatings can be sub-divided in accordance with various principles:  
- by the function of the coating (clearcoat, metallic paint, solid paint),  
- the particular layer in the coating system (primer, primer surface, topcoat), 
- by the purpose of the paint (car paint, decorative paint, industrial paint), 
- by its degree of environmental compatibility (water based paint, high solid 
paint, radiation curable systems, powder coatings), 
- by the chemistry of film forming agent (alkyd resin paint, acrylic resin paint, 
cellulose nitrate lacquer), 
- by the processing conditions (baking enamel, oxidatively curable coating 
material). 
If we classify the coatings market by using areas; [1] 
- Decorative Coatings 
- Automotive OEM Coatings 
- Other Transportation Coatings 
- Wood Finished 
- Powder Coatings 
- Coil Coatings 
- Packaging finishes 
- General Industrial Finishes 
- Automotive Refinish Paint 
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- Industrial Maintenance and Protective Coatings 
- Marine Coatings 
 
2.1.1 Raw materials of coatings 
Common coatings raw materials can be grouped into four broad groups: 
-Resins as film formation agents will be explained detailed in section 2.1.1.1. 
-Solvents: In coatings formulations, according to the American Chemistry Council, 
“solvents dissolve or disperse different components used in the paint formulation 
(such as pigment and resin), making paint the desired consistency for application. 
Once paint is applied, the solvent evaporates, allowing resin and pigment to produce 
a film of paint (a coat) and dry rapidly.” Solvent in the coatings should be removed 
as quickly and completely as possible.  
-Pigments and Extenders: The pigment used in the coating materials gives the 
coatings its chroma and hiding power. Extenders influence application properties, 
such as sandability and hardness, but also increase the nonvolatile proportion of the 
coating material. 
-Additives: Additives comprise a broad category that covers a wide array of 
chemicals used as raw materials for coatings. Additives are used in coatings 
application process, facilitating the production of the coatings and imparting specific 
performance characteristics to the finished coating. Major sub-segments of additives 
include thickeners, plasticizers, surfactants, dispersants and biocides. In addition to 
these major sub-segments, there are a vast number of other additives used in 
coatings, such as UV absorbers.  
2.1.1.1 Resins (film forming agents) 
Resins, also sometimes referred to as binders, are the backbone of a coatings 
formulation. Resins in accordance with DIN EN 971-1 are pigment free and extender 
free parts of the dried or cured coating. They are, therefore, made up of the film 
forming agent and the nonvolatile part of the additives [2]. 
A film forming agent solidifies as a result of physical or chemical processes and it is 
essential component of a coating material. Classic film forming agents are only 
oligomeric to polymeric organic materials because of the range of requirements 
relating to adhesion to the substrate, to mechanical strength with simulateous 
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elasticity and resistance to ambient effects. They can be produced from natural 
substances after chemical modification or by industrial synthesis. Due to the role that 
resins play in the formulation, coatings are often referred to by the types of resin 
used.  
-Acrylic resins are the most commonly used resin in coatings systems. This is 
particularly true for decorative coatings. Acrylic resins are predominantly used in 
water-based systems; however, they are also used in some solvent-based coatings. In 
the recent years, water-based acrylic systems have grown at above the market rate for 
coatings, because of the limitations of VOCs (Volatile Organic Compounds)  
-Alkyds have been traditionally used in conventional low solids solvent-based 
formulations. As such, alkyd resins have been in steady decline because the market 
has moved to water-based and higher solids formulations. 
-Urethane resins are widely used in the transportation, automotive refinish, wood, 
industrial maintenance and decorative coatings segments. Usage of urethane resins 
has been growing over the past several years due to their performance properties and 
their ability to be used in lower VOC formulations. 
-Vinyl Systems, such as based on vinyl chloride or vinyl acetate, are used in diverse 
group of end use applications including packaging, general industrial, industrial 
maintenance, marine and wood coatings. 
-Epoxy resins are widely used in industrial coatings particularly in the transportation, 
industrial maintenance and marine markets. Epoxy resins are also widely used in 
powder coatings.  
-Polyester Resins are used in powder coatings and other industrial finishes. 
-Other Resins that are used as coatings raw materials include amino, cellulosic, 
phenolic and inorganic silicate and siloxane resins. Also included in this sub-segment 
are natural resins such as rosins and shellacs. 
2.1.2 Limitations of VOCs 
The VOC (Volatile Organic Compound) content of paints, varnishes and vehicle 
refinishing products gives rise to emissions of VOCs into the air, which contribute to 
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the local and transboundary formation of photochemical oxidants in the boundary 
layer of the troposphere. The VOC content of certain paints and varnishes and 
vehicle refinishing products should therefore be reduced as much as is technically 
and economically feasible taking into account climatic conditions. An environmental 
protection requires the setting and achievement of content limit values for VOCs 
used in products and within this context; several Directives are published such as, 
- VOC Directive 2004/42/EC - EU 
- TSCA – USA (Toxic Substance Control Act) 
- REACH – EU (Registration, Evaluation, Authorisation and Restriction of 
Chemicals) 
- IECSC – China (Inventory of Existing Chemical Substances produced or imported 
in China)  
If we consider the VOC Directive 2004/42/EC which is published for EU, the 
purpose of this Directive is to limit the total content of VOCs in certain paints and 
varnishes and vehicle refinishing products in order to prevent or reduce air pollution 
resulting from the contribution of VOCs to the formation of tropospheric ozone. 
According to related Directive, ‘Volatile organic compound (VOC)' means any 
organic compound having an initial boiling point less than or equal to 250°C 
measured at a standard pressure of 101,3 kPa and ‘VOC content' means the mass of 
volatile organic compounds, expressed in grams/litre (g/l), in the formulation of the 
product in its ready to use condition. The mass of volatile organic compounds in a 
given product which react chemically during drying to form part of the coating shall 
not be considered part of the VOC content [3]. 
Economic competitiveness and environmental concerns have driven the researchers 
and industrialists to explore newer chemistry and approaches to improve the 
efficiency of organic coatings at a minimum volatile organic component (VOC). The 
increased demands for improved technical performance and/or minimized VOC level 
have motivated research on the development of new coating systems by both 
industrial and academic organizations. The challenge within the industry is to 
maintain or improve properties at a reasonable cost, while at the same time meeting 
the need for environmentally friendly coatings. Several new technologies, such as 
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radiation curable, waterborne and powder coatings have obtained an increased 
market share since they address some of these issues [4]. 
2.2 Polyurethanes in Coatings 
2.2.1 Polyurethanes 
Polyurethane (PU) is widely defined as a polymer material containing a huge amount 
of urethane group. Despite the chemical reaction between the NCO group and the 
hydroxyl compound that was originally found in the 19th century, the basic addition 
polymerization reaction of diisocyanate with alcohols to produce polymers, which is 
a polyurethane reaction, was not discovered and established until 1937 by Dr. Otto 
Bayer and co-worker in the laboratories of I. G. Farben Industrie. Chemical Co. in 
Germany. Otto Bayer and coworkers at I.G. Ferbenindustri, Germany in 1937 were 
the first to discover polyurethanes in response to the competive challenge [5] arising 
from Carother’s work on polyamides, or nylons, at E.I. Dupont. Between 1945 and 
1947, millable elastomers, coatings and adhesives, the first commercial applications 
of polyurethane polymers, were developed. This was followed by the flexible 
polyurethane foams in 1953 and rigid polyurethane in 1957. Today, PU coatings can 
be found on many different materials, to improve their appearance and lifespan [4]. 
The urethane is formed by the reaction of an isocyanate (–N=C=O) with an alcoholic 
group (–OH) as shown in Figure 2.1 [6]. 
 
Figure 2.1 : Formation of polyurethane from the reaction of an isocyanate with a  
 polyol. 
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As in the case of step-growth polymerization (example polyurethane synthesis), the 
molar ratio between the reactive groups ([NCO]/[OH] groups), has a very strong 
influence on the molecular weight on the resulting polyurethane. The maximum 
molecular weight is obtained at an equimolar ratio ([NCO]/[OH] =1). A small excess 
of one of the reactant (either isocyanate or hydroxyl groups), significantly reduces 
the molecular weight of the resulting polyurethane, Figure 2.2 [7]. 
 
Figure 2.2 : Effect of mole ratio ([NCO]/[OH]) on polyurethane molecular weight. 
2.2.2 Urethane acrylates in coatings 
Urethane acrylates are used in radiation-curing coatings for industrial applications. 
The development goal in the area of urethane acrylates is to combine the high 
performance and many possible applications of polyurethane coating systems with 
the curing rate and efficiency of photopolymerization. Urethane acrylates are 
available as solutions in reactive thinners (low viscosity (meth)acrylate esters), as 
low viscosity oligomers, as solids for powder coating technologies or as urethane 
acrylate dispersions. Isocyanato-urethane acrylates are a special group used in dual 
cure technology [8]. 
Urethane acrylates are manufactured by the addition of hydroxyalkyl acrylates, 
diisocyanates and polyols, or the direct addition of hydroxyalkyl acrylates to 
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polyisocyanates. The idealized basic structures are shown in Figure 2.3 and an 
example of general structure of radiation curable, acrylic acid modifıed film forming 
agent is shown in Figure 2.4 [2,8]. 
 
 
Figure 2.3 : Basic structures of urethane acrylates. 
The factors that can be varied to adjust the coating raw material properties, the UV 
reactivity of the resulting coating and the properties of the cured paint film are: 
-the chemical nature of di- and polyisocyanates 
-the chemical nature of the residual polyol 
-double bond functionality 
-double bond density 
-molecular weight 
 




Polyurethanes can be divided into two main categories as elastic polyurethanes and 
rigid polyurethanes. This common classification of polyurethanes is mainly based on 
the polyol structure [9]. If the polyol has a low molecular weight , it creates hard 
plastics and if it has high molecular weight, it creates flexible elastomers [7]. 
The MW of the polyols used in polyurethane synthesis varies between 300-10,000 
daltons, in the region of low MW polymers (oligomers), the number of hydroxyl 
groups/molecule of polyol (polyol functionality) being generally in the range of 2-8 
OH groups/mol.  
Polyols used in polyurethane manufacture are divided from the structural point of 
view in two groups. In the first group there are the low molecular weight (MW) 
polyols, such as: propylene, glycol, ethylene glycol, dipropylene glycol, diethylene 
glycol, 1,4 butanediol, glycerol, etc. the second group of polyols for polyurethane 
contaions low MW polymers (oligomers with a maximum MW of 10,000 daltons) 
with terminal hydroxyl groups (hydroxy telechelic oligomers), can be also called 
oligo-polyols, characterised by an average molecular weight. The general formula of 
an oligo-polyol for polyurethane is shown in Figure 2.5 [9]. 
 
Figure 2.5 : The general formula of oligo-polyols for polyurethanes. 
2.3.1 Polyester polyols 
Polyester polyols for elastic polyurethanes are low molecular weight polymers 
(1,000-4,000 daltons) characterized by the presence of ester groups and terminal 
hydroxyl groups. The general formula of polyester polyol is given in Figure 2.6. 
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Figure 2.6 : The general formula of polyester polyol. 
The most important segments of polyester polyol applications are those polyurethane 
elastomers, flexible foams, coatings, adhesives, rigid foams, synthetic leather, and 
sealants. 
2.3.2 Polyols from renewable resources 
Petrochemical resources (crude oil, natural gases and so on), used intensively in the 
worldwide chemical industry, are in fact limited resources and in a certain period of 
time will be depleted. The chemical industry is making big efforts to find alternatives 
to the petrochemical raw materials. One alternative represents the renewable 
resources which already play an important role in the development of the chemical 
industry. These renewable resources are relatively inexpensive, accessible, produced 
in large quantities (regeneratable every year and practically unlimited) [9]. 
Vegetable oils are one of the most important classes of bio-resources for producing 
polymeric materials. The main components of vegetable oils are triglycerides – esters 
of glycerol with three fatty acids. Several highly reactive sites including double 
bonds, allylic positions and the ester groups are present in triglycerides from which a 
great variety of polymers with different structures and functionalities can be 
prepared. Much attention is being paid to the preparation and application of bio-
based polymers because of environmental concerns [10-12]. Due to their universal 
availability, inherent biodegradability and low price, vegetable oils have become an 
area of intensive interest for both academic and industrial research as platform 
chemicals for polymeric materials. Particular attention has been paid to investigating 
the suitability of vegetable-oil-based polymers as future biomaterials [13-15]. 
Vegetable oils from both plants (such as soy, palm, linseed and sunﬂower oils) and 
animals (such as ﬁsh oils) are valuable resources for the preparation of a variety of 
polymers [16-25]. 
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Compared to other biobased biopolymers such as carbohydrates and proteins, 
vegetable oil based polymers have several characteristics that make them more 
interesting as biomaterials: 
-Although vegetable oils are not naturally present as polymers, they are precursors 
for monomer chains that can be used to synthesize various polymers including 
polyurethane, polyester, polyether and polyoleﬁn.  
-Vegetable oils are suitable for synthesis of hydrophobic polymers and complement 
nicely other bioresources like carbohydrates and protein that are naturally 
hydrophilic. 
-Vegetable oils are suitable for producing monomers with structures similar to 
petroleum-based monomers. Therefore, petroleum-based biopolymers are possibly 
substituted by vegetable oil based polymers with identical desired properties [26].  
As mentioned before, one of the problems facing polyurethanes is their dependence 
on petroleum derivative products. As the oil crisis and global warming effects rise, 
the study of PU based on renewable resources has re-emerged. With the realization 
that oil resources are becoming hard to find and expensive to produce, researchers 
have looked for different ways and technologies to viably produce polymers from 
renewable resources [27-36]. 
As an inexpensive, readily available candidate, attention has been paid to vegetable 
oils which are abundant and varied as a source for polymeric materials [37]. First 
studies for the vegetable oils based polyurethanes date back from the 60s [38]. Since 
then, a wide range of vegetable oils have been researched for the preparation of PU. 
The most promising natural oils for biobased polyols are soybean oil, castor oil, palm 
oil, rapeseed oil and canola oil. The interest in using biobased polyols, especially 
natural oil based polyols, in the polyurethane industry has increased significantly in 
the recent years [39-42]. 
Vegetable oils are composed of triglycerides, i.e. a glyceride in which the glycerol is 
esterified with three fatty acids. The most common chain lengths in these fatty acids 
are 18 or 20 carbon atoms, which can be either saturated or unsaturated. When 
unsaturated the double bonds are located at the 9, 12 and 15 carbon [43]. Vegetable 
oils are a mixture containing mostly esters of glycerol and higher fatty acids, which, 
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due to the presence of double bonds, as a result of the modification are capable of 
reacting with isocyanate or carboxyl groups. The production of vegetable oil-based 
polyols refers to conversion of double bonds to hydroxyl groups. Polyols vary in 
functionality, which affects the mechanical properties of polymeric materials [44,45]. 
2.3.3 Some general characteristics of polyols 
2.3.3.1 Hydroxyl number 
The hydroxyl number is defined as the quantitative value of the amount of hydroxyl 
groups available for the reaction with isocyanates. The hydroxyl number (or 
hydroxyl index) is expressed as milligrams of potassium hydroxide equivalent for 
one gram of the sample (mg KOH/g). The most important analytical method for 
hydroxyl number determination is the reaction of the terminal hydroxyl groups with 
organic anhydrides (acetic anhydride or phthalic anhydride). The acidic carboxyl 
groups resulting from this reaction are neutralized with the equimolecular quantity of 
potassium hydroxide. For one hydroxyl group, one mole of KOH (56,100 mg of 
KOH), is consumed in the neutralization process.  
2.3.3.2  Functionality 
Functionality (f) is the second important characteristic of an polyol and is defined as 
the number of hydroxyl groups/molecule of polyol. The general structures of polyols 






Figure 2.7 : a) General structure of a diol (oligo-polyol with two hydroxyl  
 groups/mol), b) General structure of a triol (oligo-polyol with three 
 hydroxyl groups/mol). 
Moreover, general structure of an octol is shown in Figure 2.8. 
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Figure 2.8 : General structure of an octol (oligo-polyol with eight hydroxyl  
 groups/mol). 
2.3.3.3 Equivalent weight 
The equivalent weight (EW) of a polyol is defined as the polyol MW divided by its 
functionality. EW is very convenient for practical use because it does not depend on 
the functionality, which is very difficult to determine. 
2.4 Catalysts 
Reactions of isocyanates with alcohols are catalyzed by a variety of compounds, 
including bases (tertiary amines, alkoxides, carboxylates), metal salts and chelates, 
organometallic compounds, acids, and urethanes [46]. Catalysts are added to allow 
the reaction to occur at a rapid rate, and at lower temperatures. For the reaction of an 
isocyanate with an alcohol, many effective urethane catalysts are available. Most 
often used catalysts are tertiary amines [47], especially 1,4-diazabicyclo [2.2.2] 
octane (DABCO), triethyl amine (TEA), and organo tin compounds [48] especially 
dibutyltin dilaurate (DBTL) and stannous octoate [4]. The formulation of DBTL is 
given in Figure 2.9.  
 
Figure 2.9 : Dibutyltin dilaurate (DBTL). 
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Dibutyltin dilaurate, DBTL promotes the urethane (polyol-isocyanate) or gelling 
reaction for the production of flexible and rigid polyurethane foams, coatings, 
adhesives, sealants and elastomers.  
2.5 Radiation Curing 
Radiation curing coatings and inks are formulations of components that contain 
reactive groups which react with each other after exposure to energy-rich radiation. 
In general there is no physical drying involved in the curing mechanism.  
Main differences compared to conventional coatings are that conventional coatings 
consist of binders (film forming polymer), volatile, organic solvents, pigments and 
fillers (if not a clear coat), and additives. Conventional coatings dry by evaporation 
of the solvents and possibly a subsequent chemical crosslinking of the binder with 
itself or a hardener. This may take place at room temperature, at elevated 
temperatures below 100
o
C (enforced drying) or above 100
o
C (stoving/baking). If no 
chemical reaction takes place after the evaporation of the solvent the coating is called 
physically drying. Radiation curing formulations cure without any evaporation of 
solvent. Indeed normally there is no volatile solvent present at all. All components in 
radiation curing formulation stay within the film. The film forming agents present are 
a combination of higher molecular weight oligomers and lower molecular weight 
monomers, all of which carry reactive groups to crosslink with each other. This 
means, that none of these is solely a visco-reducer, but all components become part 
of the final polymer network and contribute to the final film properties. Figure 2.10 
illustrates the differences between conventional and radiation curing coatings [49]. 
Radiation curing coatings consist of oligomers, monomers, photoinitiators (in case of 
UV curing), pigments and fillers (if not a clear coat), and additives. Moreover, a 





Figure 2.10 : a) In case of conventional coatings organic solvents leave the film  
during drying and crosslinking; b) UV curing formulations crosslink  
 without emitting any organic solvents. 
Radiation curing is the ideal technology for curing coatings on flat (two-dimensional) 
substrates. Especially when the substrate is fed from a web like in graphic arts 
applications or flat substrates moved on a conveyor belt through the application line 
like in wood coatings applications a radiation curing unit is easy to install and 
operate [49]. 
 
Figure 2.11 : Photo crosslinking (radiation curing) of an acrylic UV paint. 
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2.5.1 Basics of radiation curing technology  
Radiation curing is an ultrafast and efficient method to convert a liquid film into a 
solid material by exposure to radiation [51, 52]. Key the features of being no VOC 
and low energy consumption are both distinct ecological and economic advantages 
over thermal or physical drying processes.  
Radiation curing is the curing of coatings or printing inks with accelerated electrons 
(electron beam curing), in the energy range 90 to 250 keV (higher if necessary); 
ultraviolet light (UV curing), useful wavelengths 420 nm to approximately 240 nm 
(Figure 2.12) [8]. 
 
Figure 2.12 : Radiation sources for curing coatings and printing inks. 
UV curing, in other terms photoinitiated polymerization, photopolymerization or 
photocrosslinking, is a polymerization reaction involving a functionalized oligomer 
(Figure 2.13) leading to the formation of a solid crosslinked film [53]. The cure 
mechanism is initiated by a light sensitive molecule called a photoinitiator and can be 
a cationic [54] or a free radical polymerization reaction [55] as well as a catalyzed 
polyaddition. Light sources which activate the process are usually medium pressure 
mercury lamps, xenon lamps, lasers or electrodless vapor lamps emitting mostly 
between 200 and 500 nm. Near-visible light sources (e.g. sunlight, fluorescent lamp, 
LED) are currently used for niche applications but are raising interest because of 
their low toxicity [49]. 
Electron-beam curing involves an electron beam which directy induces the curing 
process of a functionalized oligomer [53] by a free radical mechanism in absence of 
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a photoinitiator. In the case of cationic polymerization induced by electron beam, an 
initiator is required. 
 
Figure 2.13 : Example of a functionalized monomer contained in a radiation-curable 
formulation cured by a radical polymerization. 
2.5.2 UV curing technology 
Light is a key element in that it initiates the cure process: UV radiation is absorbed 
by the photoinitiator which initiate the curing process. Depending on the 
polymerization mechanism UV curing can be classified into two major categories 
which require different types of photo initiators: free radicals are generated in the 
case of free radical UV curing and cations are produced during a cationic UV curing 
process. The components of radiation curable coatings and printing inks are in 
principle similar to those of conventional solvent-based coating systems. However 
there are some major differences in the raw materials. First, the use of volatile 
organic solvents is not necessary which leads to a VOC (volatile organic compounds) 
content close to zero. Secondly, radically and cationically UV curable formulations 
contain photoinitiators that initiate chemical crosslinking via polymerization of the 
film-forming components. Radiation curable coating systems comprise the following 
materials: [49] 
-photoinitiator: a radical photoinitiator produces free radicals under the action of 
light while a cationic photoinitiator usually generates protons or Lewis acid. 
Photoinitiators will be discussed detailed in section 2.5.3.4. 
-functionalized oligomer or binder bearing the polymerizable groups and constituting 
the largest part of the formulation. This component builds the film backbone during 
crosslinking and gives the final mechanical properties and weathering resistance to 
the material. The type of reactive groups differs whether the curing involves a free 
radical cure (acrylates, unsaturated polyester/styrene resins, and thiol-enes) or a 
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cationic mechanism (epoxies and vinyl ethers). If we consider the binder for 
radiation curing; the acrylated oligomers used in UV radiation curable coatings 
typically consist of functionalized epoxies, urethanes, acrylics, or polyethers [56].  
The outstanding properties of urethane acrylates in comparison to epoxy, ester or 
ether acrylates are: mechanical resistance properties (resistance to abrasion, 
scratching, impact, etc.), flexibility (viscoelasticity), weather stability and adhesion. 
Urethane acrylates are used as binders in the mono-cure and dual-cure systems, as 
well as in UV-curing dispersions and powders. If we summarize via an example for 
the main components of UV curable formulations are an oligomer (e.g., acrylated PU 
as shown in Figure 2.14), a reactive diluent and a photoinitiator [57]. The reactive 
diluent used not only to control the formulation viscosity, but also to control the cure 
speed and extent of polymerization, as well as the properties of the cured film. 
Multifunctional acrylates are the preferred reactive diluents in radiation-cured 
systems because of their rapid curing rates and low prices. The irradiation flux, 
temperature, sample thickness, photoinitiator concentration, and reactive diluent 
content for a given resin affect the photopolymerization kinetics to a large extent 
and, therefore, the physical and mechanical properties of the cured films [4]. 
 
Figure 2.14 : Preparation of acrylic-terminated PU prepolymer for UV cure coatings. 
-A mono-or multi functionalized monomer as reactive diluent is used to adjust the 
formulation viscosity.  They are an alternative to volatile organic solvents as they 
reduce the viscosity of the formulations during production and application and are 
further chemically incorporated into the film during light exposure. This component 
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copolymerizes with the binder and is thus incorporated into the polymer matrix 
during the curing process. For radical curing systems, reactive thinners are low 
viscosity acrylates used primarily to lower the viscosity. The functionality and 
double bond density of the reactive thinners also influence the properties of the cured 
paint film. Mono-functional monomers are predominantly utilized for their low 
viscosity and diluent effect on the overall coating formulation. Mono-fuctional and 
multi-functional monomers typically occupy between 5 to 15% and 20 to 60%, 
respectively, of the total UV coating composition. Examples of mono-functional 
monomers include 2-ethylhexyl acrylate, vinyl pyrrolidone, 2-phenoxyethyl acrylate, 
caprolactone acrylate, and vinyl acetate, while typical multi-functional monomers 
include pentaerythritol triacrylate (PETA), glycerol propoxylate triacrylate (GPTA), 
trimethylolpropane trimethacrylate (TMPTMA), trimethylolpropane triacrylate 
(TMPTA), hexanediol diacrylate (HDODA), tetraethylene glycol diacrylate 
(TTEGDA), tripropylene glycol diacrylate (TRPGDA), 1,4-butanediol diacrylate, 
and ethylene glycol dimethacrylate [56, 58]. 
-Additives are used in small quantities to improve particular properties such as 
substrate wetting, leveling, slip, and scratch resistance, as well as defoaming and 
deaeration [59]. Additives, such as light stabilizers, leveling agents, pigments, which 
either facilitate the application step or confer some properties such as good flow, 
gloss, weather resistance, durability or color to the final material. 
2.5.3 The free radical UV curing 
2.5.3.1 UV exposure and initiation 
UV-light initiates the cure process by activating the photoinitiator to generate free 
radicals. This step, called photolysis, is represented in Figure 2.15a. These radicals 
subsequently add to the double bond of oligomers and monomers, thereby forming a 
carbon centered radical in the initiation step of a radical polymerization reaction, 
Figure 2.15b. 
To make the initiation possible, the photoinitiator has to be capable of absorbing 
light generated by the lamp. In the case that the photoinitiator does not meet this 
fundamental requirement, no curing reaction is initiated and films remain liquid. The 
useful absorption of commercial photoinitiators usually extends from UV-C around 
230 nm up to UV-A in the range of 380 to 400 nm. For specific applications, some 
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photoinitiators absorb slightly above 400 nm, while photoinitiators absorbing 
strongly in the visible range are employed for niche applications [49]. 
 
Figure 2.15 : a) Photolysis and b) cure initiation. 
To make the initiation possible, the photoinitiator has to be capable of absorbing 
light generated by the lamp. In the case that the photoinitiator does not meet this 
fundamental requirement, no curing reaction is initiated and films remain liquid. The 
useful absorption of commercial photoinitiators usually extends from UV-C around 
230 nm up to UV-A in the range of 380 to 400 nm. For specific applications, some 
photoinitiators absorb slightly above 400 nm, while photoinitiators absorbing 
strongly in the visible range are employed for niche applications [49]. 
A number of other parameters play a major role in influencing the initiation rate and 
therefore the cure efficiency of free-radical UV curing: 
-quantum yield of the photoinitiator, i.e. a parameter characterizing the amount of 
initiating species generated per photon absorbed, which has to be as close as possible 
to the theoretically possible value 
-an increase of the photoinitiator concentration also facilitates the cure process under 
most conditions [60] 
-high light intensity improves the cure speed, as an important amount of initiating 
species are generated simultaneously. However, above a certain limit, increasing the 
light intensity does not affect the cure speed anymore [61] 
-in the case of photoinitiated radical polymerization, if photoinitiator concentration 
and light intensity are low, oxygen inhibition affects the initiation efficiency and the 
polymerization process. Performing the curing under an inert atmosphere addresses 
this issue. 
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2.5.3.2 Propagation – curing mechanism 
As presented in Figure 2.16 for an acrylate polymerization, radicals formed in the 
initiating step further propagate by a free radical mechanism. 
Because of excellent performances in terms of cure speed and final properties 
(weathering resistance, mechanical properties), acrylate functional oligomers and 
monomers have raised a lot of interest and now occupy a predominant position in the 
UV curing market.  
 
Figure 2.16 :  Radical curing of an acrylate resin. 
2.5.3.3 Chain termination 









.  P- CH2- CH3 + P- CH=CH2), or remain trapped due to the vitrification 
of the highly photocrosslinked network, what also stops prematurely the 
polymerization and frequently leaves unreacted monomer molecules. 
2.5.3.4 Photoinitiators in UV curing 
Photoinitiators are a key element of the formulation making the link between UV 
light and the cure process. They control the cure speed and efficiency both at the 
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surface and in deep-lying layers to a considerable extent. Photoinitiating systems are 
based on a molecule or a mixture of molecules absorbing UV light to reach an 
excited state from which they undergo a photochemical reaction generating the 
initiating species [62]. 
To enable a photochemical reaction, the photoinitiator has to contain a group capable 
of absorbing light: this chromophore is an extended conjugated π-system that can 
absorb light of useful wavelengths. For photoinitiators absorbing in the UV region, 
the chromophore often consists of a benzoyl type moiety which may be further 
substituted in order to shift the absorption into the most useful region. Moreover, the 
keto group in these systems is well known to be at the base of very efficient 
photoreactions that can be used for the initiation process. 
An attractive photoinitiator has to meet the following requirements: 
-undergo chemical reactions upon the absorption of light  
-high quantum yield of the photoreaction generating species which are able to initiate 
a polymerization process 
-short lifetime of excited states (typically a few nanoseconds) in order to minimize 
quenching reactions 
-a useful absorption spectrum with an optimum overlap with the light source 
emission 
-good compatibility to other raw materials, easily dissolved in the formulation, and 
easy to handle 
-provide a stable formulation in the absence of light 
-thermally stable 
-both the photoinitiator and its photoproducts have low odor and toxicity 
-no or low migration of photoinitiator and photoproducts after UV exposure (by-
products formed during the photoinitiator photolysis)  
-decomposition products should not affect the weathering stability or other properties 
of the cured material 
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-cost efficient technical synthesis. 
2.5.3.5 Free radical photoinitiators 
Two families of free radical photoinitiators make up the largest part currently used in 
industrial applications [62]. 
-Type I photoinitiators which undergo a unimolecular cleavage reaction (Norrish 
Type I cleavage) from the excited state as represented in Figure 2.17. 
 
Figure 2.17 : Type I photoinitiation (Norrish I reaction). 
-Type II photoinitiators leading to the formation of radicals through hydrogen 
abstraction or electron transfer from a co-initiator, as shown in Figure 2.18. This 
initiation reaction is bimolecular as the presence of a hydrogen donor (usually an 
amine) is required addition to the light sensitive photoinitiator. 
-Type I Photoinitiators: 
Type I photoinitiators are usually preferred since unimolecular processes are 
intrinsically more efficient than biomolecular reactions and many benzoyl-based 
chemical structures give access to very efficient α-cleavage photoinitiators. The 
following families of Type I photoinitiators have been devolepd to commercial 
compounds: benzoin derivates, benzile ketales, α-hydroxyalkylphenones (or α-




Figure 2.18 : Type II photoinitiation by hydrogen abstraction. 
Basic structures of these families are represented in Figure 2.19: the chromophore of 
Type I photoinitiators is usually an aromatic carbonyl moiety which in the case of 
acylphosphine oxides further includes a phosphinoyl group. 
 
Figure 2.19 : Basic structures of type I initiators. 
-α-hydroxyalkylphenones (or α-hydroxyacetophenones): 
In the search for non-yellowing photoinititators, - α-hydroxyalkylphenones were 
developed in the eighties [64]: the solid 1-hydroxy-cyclohexyl-phenyl-ketone 
(HCPK, Figure 2.20) and the liquid 2-hydroxy-2-methyl-1-phenyl-propan-1-one 
(Figure 29) were the first initiators allowing UV curing of clearcoats for commercial 
applications. In addition a photoinitiator is needed for the UV curable part of the 
mixture. This initiator is stimulated by UV radiation and produces reactive radicals 
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which initiate the polymerisation of resins with unsaturated double bonds such as 
polyurethane acrylates, acrylic acrylates, etc. [65]. 
 
Figure 2.20 : Light induced cleavage of HCPK. 
HCPK is used in acrylate formulations and in order to illustrate the high reactivity of 
HCPK in an acrylate formulation, the conversion of acrylate functions was 
monitored as a function of the exposure time at room temperature by real-time 
infrared spectroscopy [66]: the corresponding kinetic curve is represented in Figure 
2.21 [67]. Both under air and inert atmosphere, initiation occurs within a fraction of a 
second while nearly complete conversion of acrylates is achieved within less than 5 
seconds. The glass temperature of the final polymer film is too high to allow a 
complete conversion of the acrylates when UV curing is performed at room 
temperature, the sample vitrification reducing the chain mobility. However, low 
amounts of remaining acrylates after curing have little effect on the film properties. 
 
Figure 2.21 : Acrylate conversion as a function of the irradiation time under air or 
 inert atmosphere 3 wt% HCPK in a polyurethane acrylate, film  
 thickness = 10 µm, exposed to a medium pressure mercury lamp –  




2.5.4 Isocyanato urethane acrylates for dual-cure technology 
Dual-cure generally refers to a combination of two chemically different crosslinking 
mechanisms. Isocyanato urethane acrylates are used in coatings systems that are 
crosslinked by photochemically or thermally initiated radical polymerization and by 
isocyanate reactions [68]. Dual-cure systems are commonly crosslinked first by UV 
radiation and then via an isocyanate reaction (Figure 2.22) [8]. 
 
Figure 2.22: Dual-cure mechanism; initial UV curing. 
In comparison to coatings that are cured only by exposure to radiation (mono-cure), 
dual-cure technology offers the following advantages: 
-improvement in the adhesion due to the reaction of the isocyanate group with the 
substrate 
-fewer geometrical limitations because the NCO/OH reaction takes place even in 
those areas hidden from the radiation source 
-better through-curing of pigmented UV coatings, via an NCO/OH reaction in deep 
layers that radiation can reach only with difficulty 
The reversal of the dual-cure process with upstream thermal drying, as shown in 
Figure 2.23, opens up completely new possibilities in coating technology [8]. 
Formable foils are foils that are pre-coated but thermoplastic, enabling them to 
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conform to the geometry of the respective workpiece. The end properties desired can 
be obtained via UV post-curing. 
 
Figure 2.23 : Dual-cure mechanism; UV post curing. 
2.6 Silicone Containing Resins 
The outstanding properties of silicone resins and silicone –containing combination 
resins in the form of solutions, liquid resins and emulsions make them extremely 
versatile. Applications range from impregnations and weather-resistant exterior 
coatings for building conservation to high-temperature resistant coatings. Silicone 
acrylates resins, which are used as coatings for paper and as additives for radiation 
curing printing inks and wood lacquers, are a special case. The versatility of silicone 
resins stems largely from the fact that the organopolysiloxanes on which they are 
based can be modified in many ways and combined with numerous polymers [69].  
2.6.1 Silicone acrylates as additives for UV-curing coatings 
Because of their good release properties, silicone-modified acrylates are used as 
coating compounds for release papers, as cross-linkable wetting, flow and slip 
additives for radiation cured coatings and printing inks. Without suitable additives, 
solvent-free UV-systems would be extremely matt and their substrate wetting and 
flow characteristics would be inadequate for most applications. These additives 
contain reactive acrylic groups via which they are themselves crosslinked with the 
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radiation curing coatings systems. An example of the structure of silicone acrylates is 
given in Figure 2.24. 
 
Figure 2.24 : An example of the structure of silicone acrylates. 
Substrate wetting additives improve the wetting of various substrates. They must be 
highly surface-active so that they reduce the surface tension of the given system 
significantly and thus improve the wetting properties. In radiation curing 
formulations, which are generally polar, these properties can be obtained using 
relatively short chain organo-modified siloxanes.  Surface control additives are used 
not only to improve slip properties and scratch resistance, but also the flow and 
levelling characteristics of the formulation. Like substrate wetting additives they are 
surface-active but have a higher molecular weight and a strong tendency to orient at 
the coating/air interface. During curing, siloxane-based additives form a thin 
lubricating film on top of the surface and thus improve slip properties and scratch 
resistance [70]. 
In many radiation curing formulations multifunctional additives are used. These are 
organically modified polysiloxanes of medium chain length. Because of their high 
surface activity they combine substrate wetting, flow and levelling with improved 
slip properties, and long siloxane backbones provide good compatibility in the 
formulation. 
The concentration of long chain polysiloxane additives at the air-interface can be 
used to obtain even more extreme effects, such as release. Siloxane-based additives 
with long siloxane backbones and relatively high compatibility are used to maximize 
the orientation of the siloxane and resulting release effect. These effects can be 
especially durable because of the cross-linkable nature of the additive. Most 
radiation-curing formulations involve free-radical polymerization using unsaturated 
acrylic groups, and modifying additives by introducing acrylic groups appears to be 
the appropriate approach. Organo-modified polysiloxanes can be adapted to the 
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required property profiles by varying their siloxane chain length, the degree of 
modification and the nature of the modifying organic chain. Longer siloxane 
backbones ensure stronger slip and release properties, while their specific 
incompatibility increases. A higher degree of modification improves solubility, 
compatibility and re-coatibiility – at the same time specific surface related effects 
such as release and anti-blocking properties are reduced. Linking polyethers to the 
siloxane molecules dramatically improves the polarity of the additives, so that 
application is even possible in aqueous systems (Figure 2.25) [70]. 
 
Figure 2.25 : Structure of organo-modifies acrylated siloxane. 
2.7 Blocked Isocyatanes 
Blocked is an expression used for hardeners, based upon isocyanates, amines or 
catalysts on the base of para-toluene sulfonic acid, which have lost their reactivity or 
accelerator effect at room temperature by a pre-reaction with special compounds. 
Therefore, the substances employed for such purposes are also called blocking 
agents. Isocyanates are generally used as so called “hardeners” in two-pack systems. 
If a one-pack material is needed which can be industrially processed, for example as 
electrical insulating material, packaging coating, powder coating etc., in this case the 
isocyanate must be “blocked” through a preliminary reaction with a suitable 
compound. As a consequence it is not able to react any more at room temperature. 
Only after its application, through the high stoving temperatures, a separation of the 
blocking agent takes place and the isocyanate gets back its original reactivity and can 
cross-link again the coating material [71]. Because of their content of isocyanate 
groups, polyisocyanates and prepolymers are unstable in the presence of co-reactants 
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or moisture. To avoid the instability, the NCO groups to be capped or blocked so as 
to give access to largely stable but thermally reactive systems. 
There are many blocking agents which are suitable in principle for coatings 
applications but only those with unblocking temperatures and times acceptable under 
practical conditions are actually used. The main commercially used compounds are 
phenols, oximes, ε-caprolactam, malonates, ethyl acetoacetate, alcohols and various 
secondary amines [72, 73]. Occasionally, mixtures of these compounds are used. 
The ideal blocking agent should have a low stoving temperature, good storage 
stability and low thermal yellowing. The temperature range for thermal reverse 
cleavage or transurethanization depends on several factors. In addition to specific 
influence of the type of blocking agent used, the chemical structure of the isocyanate 
component and the co-reactants used subsequently in formulating the coating also 
play a role. Catalysts often reduce the temperature required (DABCO, tin and zinc 
compounds) [74]. 
In addition to continuing interest in one package (1K) versus two package (2K) 
coatings, there has been a special emphasis on blocked isocyanates for use in a 
variety of 1K water-borne coatings and powder coatings. The isocyanate functional 
group can be blocked through one of the several methods.  
Commonly, one thinks of a blocked isocyanate as one in which the isocyanate group 
is reacted with an active hydrogen compound. Upon heating in the presence of a 
nucleophile, product is obtained. In some cases, blocked isocyanates can be made via 
other routes not involving isocyanates; they are still generally called blocked 
isocyanates (see Figure 2.26).  
 
Figure 2.26 : A blocked isocyanate by reaction with active hydrogen compounds. 
In the case of active methylene groups, such as those of malonic esters, the reaction 
product with an isocyanate is called a blocked isocyanate. This type of blocked 
isocyanate is produced by addition of the isocyanate to the active methylene site 
(Figure 2.27).  
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Figure 2.27 : Reaction of an isocyanate with a malonic ester. 
However, when they react with a nucleophile, the dominant products obtained are 
not the urethane or urea products obtained by reaction of isocyanates.  
Isocyanates can self-condense to form thermally unstable dimers (uretdiones, Figure 
2.28) which regenerate isocyanate groups on heating. Products of this type are 
frequently referred to as self-blocked isocyanates.  
 
Figure 2.28 : Isocyanate dimerization. 
Another method of inactivating isocyanates involves encapsulating the 
polyisocyanate within a solid particle (Figure 2.29); the isocyanate is liberated when 
the particle shell is broken down through melting or mechanical means [75]. 
 
Figure 2.29 : Encapsulation of a polyisocyanate. 
2.7.1 Deblocking 
There are two urethane forming reaction mechanisms by which a blocked isocyanate 
can react with a nucleophile (NuH).  
In the elimination-addition reaction, Figure 2.30, the blocked isocyanate decomposes 
to the free isocyanate and the blocking group (BH). The isocyanate then reacts with a 




Figure 2.30 : Elimination-addition. 
In the addition-elimination reaction Figure 2.31, the nucleophile reacts directly with 
the blocked isocyanate to yield a tetrahedral intermediate followed by elimination of 
the blocking agent [75]. 
 
 
Figure 2.31 : Addition- elimination. 
There are steric effects on deblocking rates. In one study, dimethyl ketoxime blocked 
TDI deblocked at 120
o
C, blocked MDI at 130
o
C, and blocked H12MDI at 136
o
C [76]. 
However, the IPDI adduct deblocked at 143
o
C. Blocked aliphatic isocyanates with 
the isocyanato group on a tertiary carbon (for example, MEKO blocked TMI) 
deblock at significantly lower temperatures [77].  
A study of deblocking of a series of MEKO blocked isocyanate monomers sheds 
light on the combined effects of sterics and electronics [78]. The MEKO blocked 
versions of the isocyanate monomers listed in Table 2.1 were evaluated for 
deblocking temperature. The reported deblocking temperature is that at the onset of 
weight loss. In this series, IPDI was found to deblock at a significantly lower 




Table 2.1 : Deblocking temperatures of MEKO blocked monomeric isocyanates. 










Catalysts are usually included in blocked isocyanate formulations but commonly 
without consideration of what reaction or reactions they are involved in. Typically 
the same ones used in unblocked 2K polyurethanes are used with the blocked 
systems, though at higher levels. As indicated earlier, there are many reactions taking 
place and the catalyst can be involved in any one or more of these: the deblocking 
reaction, or the reaction of the free isocyanate with the other nucleophile, or an 
addition-elimination reaction, and/or side reactions [75]. 
Many catalysts have been suggested for accelerating thecuring rate of blocked 
isocyanate systems such as; Dibutyltin dilaurate (DBTL), Dibutyltin diacetate, 
Bismuth tris(2-ethylhexanoate), Aluminum dionate complex, Cobalt bis(2-
ethylhexanonate), Zr bis(2-ethylhexanoate), Zn bis(2-ethylhexanoate), Ti tetra(ethyl 
acetoacetate), Calcium bis(2-ethylhexanoate), Chromium tris(2-ethylhexanoate). 
2.7.3 Blocking groups 
The structure of blocking groups has a major effect on deblocking temperatures and 
cure rates of coatings. Blocking groups can be; 
-Phenols, pyridinols, thiophenols and mercaptopyridines 
-Alcohols, other hydroxy-functional agents, and Mercaptans 
-Oximes, 
-Amides, cyclic amides, and imides, 
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-Imidazoles, amidines, and related compounds 
-Pyrazoles and 1,2,4-triazoles 
-Amines 
-Active methylene compounds 
-Other blocking agents 
If we consider oximes, oximes have been widely used due to their low deblocking 
temperatures compared to alcohols, phenols, and caprolactam. They have been the 
most favored of blocking groups for aliphatic polyisocyanates in solvent borne 
coatings, and were the first to see use in automotive topcoats. The blocking reaction 
of an isocyanate with MEKO is given in Figure 2.32.  For example, Desmodur BL 
3175 (Bayer) is an HDI polyisocyanurate with the blocking agent MEKO [79]. 
 








































3. EXPERIMENTAL PART 
3.1 Materials 
For the synthesis of urethane acrylated resins, isocyanate-bearing urethane acrylate 
oligomer Desmolux VP LS 2396 (Bayer), natural oil based polyols R20A (ProloOil) 
and PRIPLAST 3293-LQ-(GD) (Croda), Dibutyltin dilaurate (DBTL) and acetone 
were used. For the preparation of the diluent includes silane; Tetraethyl orthosilicate 
(TEOS) (Sigma Aldrich), 3-Methacryloxypropyltrimethoxysilane (MAPTMS) 
(Merck), p-toluenesulfuric acid (Sigma Aldrich), Ethanol (EtOH) (Merck) and 
distilled water were used. In order to prepare the films for curing; Tripropylene 
glycol diacrylate (TPGDA), 1,6-hexanediol diacrylate (HDDA), Trimethylolpropane 
triacrylate (TMPTA), Boronmetharylate (BMA), blocked polyisocyanate Desmodur 
BL 3175 SN (Bayer), methacryl functionalized boron nitride  (BN-AC), and Irgacure 
184 (Ciba Chemicals) were used. 
Desmolux VP LS 2396 is an isocyanate-bearing urethane acrylate without reactive 
thinner that is used in the formulation of UV-curing and electron beam-curing 
coatings. It is also used in the formulation of two-component polyurethane coatings, 
and as an adhesion promoter in UV and electron beam curing coatings. Desmolux 
VP LS 2396 is combined with hydroxylbearing resins to formulate coatings which 
cure by the dual-cure process (UV-induced polymerization and NCO/OH reaction).  
The acrylate functionality cures by free radical polymerization, while the NCO group 
reacts with an OH (hydroxyl) group to form a urethane linkage. It gives improved 
flexibility and adhesion in combination with urethane acrylates. It is preferred due to 
its high cure speed, low temperature processing, and excellent finish properties such 
as chemical and scratch resistance. NCO content (DIN EN ISO 11 909) is 
approximately 7.5%. Viscosity (DIN EN ISO 3219/A.3) is approximately 12,500 
mPa.s at 23
o
C temperature. Hazen color value (DIN EN 1557) is approx. 100. 
Density (DIN EN ISO 2811) is approx. 1.10 g/cm³. It includes solids, wt % 100. 
Equivalent weight is 560 g. Molecular weight is 1,200 g/mol.  
38 
 
Figure 3.1 : Isocyanate-bearing urethane acrylate. 
R20A is produced by the technology of ProloOil from canola oil. ProloOil is an 
innovative company producing polyurethane polyol systems from renewable, 
sustainable oils such as vegetable oils, fish oils and similar feedstocks from all over 
the world. R20A has three functional groups. Hydroxyl value is 220 mg KOH/g. 
Molecular weight is over 1,200 g/mol. 
 
Figure 3.2 : Natural oil based polyol, R20A (ProloOil). 
PRIPLAST 3293-LQ-(GD) is produced by Croda from vegetable oils. This semi-
crystalline polyester polyol has two functional groups. Hydroxyl value is 56 mg 
KOH/g. Molecular weight is 2,000 g/mol.   
 
Figure 3.3 : Natural oil based polyol, PRIPLAST 3293-LQ-(GD) (Croda). 
Dibutyltin dilaurate (DBTL) is used as catalyst in order to promote the reaction 
between the isocyanate and alcohol.  
 
Figure 3.4 : Dibutyltin dilaurate (DBTL). 
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Water-free acetone (Merck) is used as a solvent during the reaction between 
isocyanate and alcohol. 
 
Figure 3.5 : Acetone. 
Tetraethyl orthosilicate (TEOS) (Sigma Aldrich) is used to obtain the diluent 
includes silane which will be used for the film formation. 
 
Figure 3.6 : Tetraethyl orthosilicate (TEOS). 
3-Methacryloxypropyltrimethoxysilane (MAPTMS) (Merck), is used to obtain the 
diluent includes silane which will be used for the film formation. 
 
Figure 3.7 : 3-Methacryloxypropyltrimethoxysilane (MAPTMS). 
p-toluenesulfuric acid (Sigma Aldrich), is used to obtain the diluent includes silane 
which will be used for the film formation. 
 
Figure 3.8 : p-toluenesulfuric acid. 
40 
Ethanol (EtOH) (Merck) is used to obtain the diluent includes silane which will be 
used for the film formation. 
 
Figure 3.9 : Ethanol. 
Tripropylene glycol diacrylate (TPGDA) is a two functional monomer which has low 
viscosity, low volatility and high reaction activity. It provides the film to have a good 
flexibility feature. 
 
Figure 3.10 : Tripropylene glycol diacrylate (TPGDA). 
1,6-hexanediol diacrylate (HDDA) is a fast curing monomer. It has low viscosity, 
low volatility. It provides good dilution. It has a hydrophobic backbone and good 
solvency for use in free radical polymerization. It is used for lower viscosity and 
crosslinking in the polymerization. 
 
 
Figure 3.11 : 1,6-hexanediol diacrylate (HDDA). 
Trimethylolpropane triacrylate (TMPTA) is a trifunctional monomer. It has high 
reaction activity, reasonable viscosity and high crosslink density. It provides the film 
to have excellent abrasion resistance. It is used as a crosslinking agent in 
photopolymerization system. 
 
Figure 3.12 : Trimethylolpropane triacrylate (TMPTA). 
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Blocked polyisocyanate Desmodur BL 3175 SN (Bayer) is a blocked, aliphatic 
polyisocyanate based on HDI. Blocking agent is MEKO. Its blocked NCO content is 
approximately 11.1 %. Viscosity is 3,300 mPa.s at 23 
o
C (according to DIN EN ISO 
3219/A.3).  Desmodur BL 3175 SN can be used as the hardener in colorfast and 
weather-stable, one-component polyurethane coatings. The stoving temperature can 
be significantly reduced by the addition of a catalyst, e.g. dibutyltin dilaurate 
(DBTL), without reducing the storage stability.The product is used in high-grade 
industrial finishes (electrical appliances, small components, can coatings, coil 
coatings, etc.) and in primer surfacers and topcoats for automative finishing. 
Desmodur BL 3175 SN can also be used as an additive in conventional stoving 
systems to improve the flexibility and adhesion. 
Methacryl functionalized boron nitride (BN-AC) is used as an ingredient of the film 
formation. 
 
Figure 3.13 : Methacryl functionalized boron nitride (BN-AC). 
Irgacure 184 (Ciba Chemicals) is a highly efficient non-yellowing photoinitiator 
which is used to initiate the photopolymerisation of chemically unsaturated 
prepolymers, e.g. acrylates, in combination with mono- or multifunctional vinyl 
monomers. 
 






3.2.1 Infrared analysis (IR) 
Infrared analyses were performed with Thermo Scientific Nicolet IS10 FT-IR 
spectrometer. 
3.2.2 UV curing machine 
UV curing of the films were performed with EMA UV curing system. 
3.2.3 Thermogravimetrical analysis (TGA) 
Thermogravimetric analyses were performed with a TA TGA Q50 instrument at a 
heating rate of 20 °C/min. 
3.2.4 Contact angle meter 
The contact angles of cured films were measured by KSV CAM 100 instrument.  







) of cured films were measured by BYK-Gardner (Micro-
TRI) gloss meter. 
3.2.6 Pendulum hardness tester 
A König Pendulum Hardness (BYK-Gardner) tester was used to measure the film 
hardness of films. 
3.2.7 Tensile loading machine 
Zwick Z010 Universal Tensile Tester was used to determine properties such as 
modulus, elongation at break and strength. 
3.2.8 Accelerated weathering tester 
Atlas UV2000 Accelerated Weathering Tester is used to have the weathering test 




3.3.1 Synthesis of polyurethane acrylate resin (F41) with PRIPLAST  3293-
LQ-(GD)  
8.26 g Desmolux VP LS 2396, 23.94 g PRIPLAST 3293-LQ-(GD) and 150 mL 
water-free acetone were placed in a three-necked round bottom flask equipped with a 
magnetic stirrer, a CaCl2 tube, a reflux condenser and a nitrogen inlet. [NCO]/[OH] 
ratio was taken as 0.7 for this reaction. The mixture was stirred until having a 
homogenous mixture under nitrogen atmosphere at room temperature. Then DBTL 
was added as catalyst. A sample was taken from the mixture in order to be analyzed 
in IR spectrometer regularly, from the moment of adding DBTL until the end of the 
reaction that took 5 hours. The reaction (Figure 3.15) between isocyanates (-N=C=O) 
and hydroxyl (-OH) was continued until finishing of the NCO consumption which 
was followed via the Infrared Analysis. NCO consumption was followed via 
monitoring the totally disappearance of the peak at 2270-2280 cm
-1
 in the IR spectra. 
We can also observe the –OH consumption via the broad peak at 3530-3550 cm-1. 
The final product was dried via vacuum at ambient temperature. This resin will be 
called as F41 from now on. 
 




3.3.2 Synthesis of polyurethane acrylate resin (F12A) with R20A  
40.79 g Desmolux VP LS 2396, 20.01 g R20A and 200 mL water-free acetone were 
placed in a three-necked round bottom flask equipped with a magnetic stirrer, a 
CaCl2 tube, a reflux condenser and a nitrogen inlet. [NCO]/[OH] ratio was taken as 1 
for this reaction. The mixture was stirred until having a homogenous mixture under 
nitrogen atmosphere at room temperature. Then DBTL was added as catalyst. A 
sample was taken from the mixture in order to be analyzed in IR spectrometer 
regularly, from the moment of adding DBTL until the end of the reaction that took 6 
hours. The reaction (Figure 3.16) between isocyanates (-N=C=O) and hydroxyl (-
OH) was continued until finishing of the NCO consumption which was followed via 
the Infrared Analysis. NCO consumption was followed via monitoring the totally 
disappearance of the peak at 2270-2280 cm
-1
 in the IR spectra. We can also observe 
the –OH consumption via the broad peak at 3530-3550 cm-1. The final product was 
dried via vacuum at ambient temperature. This resin will be called as F12A from 
now on. 
 
Figure 3.16 : Synthesis of of polyurethane acrylate resin (F12A) with R20A. 
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3.3.3 Synthesis of the diluent including silane 
This diluent including silane (silane precursor) was prepared by TEOS (3 g, 0.014 
mol), and MAPTMS (3.6 g, 0.0145 mol) as the precursor alkoxides, EtOH (1.4 g) as 
solvent, distilled water (1.1 g, 0.06 mol) and p-toluenesulfuric acid (0.038 g) as a 
catalyst for hydrolysis. First of all, TEOS, MAPTMS and EtOH were mixed into a 
glass vial and then water which had been acidified by p-toluenesulfuric acid was 
added drop by drop into the vial under stirring. The whole mixture was allowed for 
partial hydrolysis for 24 hours at room temperature via stirring continuously. [80] 
The pH of the silane precursor was adjusted to be between 4 and 5. 
3.4 Preparation of Formulations 
3.4.1 Preparation of test samples 
3.4.1.1 Preparation of free films 
To prepare free films, teflon moulds, having 10 mm x 50 mm x 1 mm spaces, were 
used.  Free film formulations were prepared according to the proper ratios for each 
film. Ingredients of the formulations were mixed homogeneously and then were left 
in vacuum oven for approximately 30 minutes to remove the air in order to avoid 
bubbles formation in the final films. After the vacuum step, the formulations were 
poured in the spaces of the teflon moulds and the samples were cured by UV curing 
machine for adequate pass numbers. The films of F41, except with the films with 
blocked isocyanates were cured by 15 passes in UV curing machine and then were 
kept in oven at 80
o
C for 5 minutes. The films of F12A were cured by 5 passes in UV 
curing machine. Cured films were kept at room temperature for a couple of days 
before performing the related tests which are tensile test, gel content test, TGA and 
solvent resistance.   
3.4.1.2 Preparation of coated plexiglass plates 
Firstly, temporary polyetylene coating films were pulled away by force from 
plexiglass plates surface. 1g film solution for each plate was prepared according to 
the proper ratios for each film. The plexiglass plates were put on smooth surface and 
coated with a film by pulling a glass rod from one side to another. Wet films were 
cured by UV curing machine for adequate pass numbers. . The films of F41, except 
with the films with blocked isocyanates were cured by 15 passes in UV curing 
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machine. The films of F12A were cured by 5 passes in UV curing machine. Cured 
films were kept at room temperature for a couple of days before performing the 
related tests which are contact angle, gloss, pendulum hardness and pencil hardness 
tests.   
3.4.1.3 Preparation of coated glass plates 
1g film solution, including blocked isocyanates, for each plate was prepared 
according to the proper ratios for each film. The clean glass plates were put on 
smooth surface and coated with a film by pulling a glass rod from one side to 
another. Wet films were cured at 120
o
C for 5 hours. Cured films were kept at room 
temperature for a couple of days before performing the related tests which are tensile 
test, gel content test, TGA, solvent resistance, contact angle, gloss, pendulum 
hardness and pencil hardness tests.   
3.4.2 Preparation of formulations 
41 different film formulations were prepared in the composition of given in from 




Table 3.1 : Formulations of the films prepared with F41. 
 F41-1-S1 F41-1-S2 F41-3-S1 F41-3-S2 F41-1 F41-2 F41-3 F41-4 F41-5 F41-3-B2 
F41 % 10.00 10.00 30.00 30.00 10.00 20.00 30.00 40.00 50.00 30.00 
TPGDA % 64.95 62.98 49.20 47.23 66.91 59.04 51.17 43.30 35.43 47.23 
HDDA % 17.55 17.02 13.30 12.77 18.09 15.96 13.83 11.70 9.57 12.77 
TMPTA - - - - - - - - - - 
Diluent with silane% 2.50 5.00 2.50 5.00 - - - - - - 
Boronmethacrylate% - - - - - - - - - 5.00 
IRGACURE184 % 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
 
Table 3.2 : Formulations of the films prepared with F41 and TMPTA. 
 F41-TA-1-S1 F41-TA-1-S2 F41-TA-3-S1 F41-TA-3-S2 F41-TA-1 F41-TA-2 F41-TA-3 F41-TA-4 
F41 % 10.00 10.00 30.00 30.00 10.00 20.00 30.00 40.00 
TPGDA % 32.48 31.49 24.60 23.62 33.46 29.52 25.59 21.65 
HDDA % 17.55 17.02 13.30 12.77 18.09 15.96 13.83 11.70 
TMPTA 32.48 31.49 24.60 23.62 33.46 29.52 25.59 21.65 
Diluent with silane% 2.50 5.00 2.50 5.00 - - - - 
IRGACURE184 % 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
 
Table 3.3 : Formulations of the films prepared with F41 and BL 3175 SN. 
 BL-F41-2 BL-F41-3 BL-F41-4 BL-F41-5 BL-F41-6 
F41 % 5.00 10.00 15.00 20.00 25.00 
BL 3175 SN % 94.00 89.00 84.00 79.00 74.00 
DBTL % 1.00 1.00 1.00 1.00 1.00 
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Table 3.4 : Formulations of the films prepared with F41 and BN-AC. 
 Y3 Y4 
F41 % 10.00 10.00 
TPGDA % 66.40 33.05 
HDDA % 17.60 17.90 
TMPTA % - 33.05 
BN-AC % 1.00 1.00 
IRGACURE184 % 5.00 5.00 
 
Table 3.5 : Formulations of the films prepared with 12A. 
 F12A-1-S1 F12A-1-S2 F12A-3-S1 F12A-3-S2 F12A-1 F12A-2 F12A-3 F12A-4 
F12A % 10.00 10.00 30.00 30.00 10.00 20.00 30.00 40.00 
TPGDA % 64.95 62.98 49.20 47.23 66.91 59.04 51.17 43.30 
HDDA % 17.55 17.02 13.30 12.77 18.09 15.96 13.83 11.70 
TMPTA % - - - - - - - - 
Diluent with silane% 2.50 5.00 2.50 5.00 - - - - 
IRGACURE184 % 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
 

















F12A % 10.00 10.00 30.00 30.00 10.00 20.00 30.00 40.00 
TPGDA % 32.48 31.49 24.60 23.62 33.46 29.52 25.59 21.65 
HDDA % 17.55 17.02 13.30 12.77 18.09 15.96 13.83 11.70 
TMPTA 32.48 31.49 24.60 23.62 33.46 29.52 25.59 21.65 
Diluent with silane% 2.50 5.00 2.50 5.00 - - - - 
IRGACURE184 % 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 
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3.5 Analysis 
Following tests; Infrared Analysis (IR), Thermal Gravimetric Analysis (TGA), 
Pendulum Hardness, Contact Angle Measurement, Gloss and Tensile tests, Pencil 
Hardness, Solvent Resistance and Gel Content were performed to monitor chemical, 
thermal, and mechanical properties of the samples. 
3.5.1 Infrared analysis 
Infrared (IR) spectroscopy is one of the most common spectroscopic techniques used 
by organic and inorganic chemists. Simply, it is the absorption measurement of 
different IR frequencies by a sample positioned in the path of an IR beam. The main 
goal of IR spectroscopic analysis is to determine the chemical functional groups in 
the sample. Different functional groups absorb characteristic frequencies of IR 
radiation. Using various sampling accessories, IR spectrometers can accept a wide 
range of sample types such as gases, liquids, and solids. Thus, IR spectroscopy is an 
important and popular tool for structural elucidation and compound identification. 
Infrared radiation spans a section of the electromagnetic spectrum having 
wavenumbers from roughly 13,000 to 10 cm
–1
, or wavelengths from 0.78 to 1,000 
μm. It is bound by the red end of the visible region at high frequencies and the 
microwave region at low frequencies. 
IR absorption positions are generally presented as either wavenumbers ( ) or 
wavelengths (λ). Wavenumber defines the number of waves per unit length. Thus, 
wavenumbers are directly proportional to frequency, as well as the energy of the IR 
absorption. The wavenumber unit (cm
–1
, reciprocal centimeter) is more commonly 
used in modern IR instruments that are linear in the cm
–1
 scale. In the contrast, 
wavelengths are inversely proportional to frequencies and their associated energy. At 
present, the recommended unit of wavelength is μm (micrometers), but μ (micron) is 
used in some older literature [81]. 
IR results for the resin synthesis are given in section 4.1 and 4.2.  
3.5.2 Thermal gravimetric analysis 
Thermogravimetry has become a general method for comparing the thermal stability 
of polymers. TGA measures the amount and rate of change in the weight of a 
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material as a function of temperature or time in a controlled atmosphere [82]. 
Measurements are used primarily to determine the composition of materials and to 
predict their thermal stability at temperatures up to 1000°C.  The technique can 
characterize materials that exhibit weight loss or gain due to decomposition, 
oxidation, or dehydration. In comparing thermal stability, it should be remembered 
that TGA measurements only record the loss of volatile fragments of polymers, 
caused by decomposition. TGA cannot detect any chemical changes or degradation 
of properties caused by cross-linking [83]. 
In this study, thermal stability was evaluated using a Q50 TGA from TA Instruments. 
Film samples of 5–10 mg were placed in the sample pan and heated from 20°C to 
800°C under N2 (flow rate: 90 mL/min) at an applied heating rate of 20°C /min. 
During the heating period, the weight loss and temperature difference were recorded 
as a function of temperature. The results are given in the section 4.3.3. 
3.5.3 Gel content measurement 
A cured film sample (m1) was accurately weighted, and then added to the Soxhlet 
extractor with acetone as extraction agent for 6 h. The cured film was dried until its 
weight was constant (m2). Gel content of the cured film was calculated by equation, 
Gel content (%) = (m2/m1) × 100%  
Where m1 is the weight of the cured film sample; m2 is the residual weight of the 
cured film sample. The results are given in the section 4.3.2 
3.5.4 Solvent resistance 
The solvent resistances of the cured films were immersed in various solvents (m1 
g/10 mL) for one day. m1 was taken between 0.005 g and 0.03 g. The cured film was 
dried until its weight was constant. After drying, the films were reweighted (m2) and 
calculated weight loss.  
Weight loss (%) = (m1-m2)/m1 x 100 
Solvents used during this test and results are given in the section 4.3.4. 
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3.5.5 Contact angle measurement 
The contact angle is an important parameter in surface science. It is a common 
measure of the hydrophobicity of a solid surface In the past several decades, 
numerous techniques have been used to measure contact angle which were inspired 
by the idea of using the equation first derived by Thomas Young in 1805. Young’s 
equation governs the equilibrium of the three interfacial tensions and the Young 
contact angle of a liquid drop on a solid. The derivation of Young’s equation 
assumes that the solid surface is smooth, homogeneous and rigid; it should also be 
chemically and physically inert with respect to the liquids to be employed. Ideally, 
according to Young’s equation, a unique contact angle is expected for a given system 
a liquid drop on a solid surface. In a real system, however, a range of contact angles 
is usually obtained instead. The upper limit of the range is the advancing contact 
angle which is the contact angle found at the advancing edge of a liquid drop. The 
lower limit is the receding contact angle which is the contact angle found at the 
receding edge. The difference between the advancing and receding contact angles is 
known as the contact angle hysteresis [84]. θ is the Young contact angle, i.e. a 
contact angle which can be inserted into Young’s equation. (Figure 3.17). 
 
Figure 3.17 : Scheme of a sessile-drop contact angle system. 
The water contact angles of cured films are listed in section 4.3.5. 
3.5.6 Gloss test 
Specular gloss meters are widely used, but correspondence between meter reading 
and visual comparisons is limited. Such instruments give significantly different 
readings with differences in intensity of reflected light, but observers are relatively 
insensitive to such differences. Furthermore, the aperture of the slit in a gloss meter 
about 2
o
, whereas the limit of resolution of a human eye is about 0.0005
o 
of arc [85]. 
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The most widely used gloss meter, also called reflectometers, are simplified 
goniophotometers in which one measures a response only at the secular angle. Those 
most commonly used in the coatings industry can make measurements when the 






. A schematic drawing is shown 
in Figure 3.18. 
The first step for using a gloss meter is to calibrate the instrument with two 
standards: one with high gloss and e other a lower gloss. If the second standard does 
not give the standard reading after the instrument is set with the first standard, 
something is wrong; most commonly, one or both of the standards is dirty or 
scratched. Other possible problems include panel misalignment, deterioration of the 
light source, or a malfunction of the photometer. One must use the standard that has 
been calibrated at the angle selected. Black and white standards are available [86].  
The gloss test results of cured films are listed in section 4.3.6. 
 
Figure 3.18 : Conventional glossmeter. L, lamp; and D, Detector. 
3.5.7 Pendulum hardness tests 
König pendulum hardness method which is frequently encountered in practice is 
used for measuring the hardness of the samples. The device itself consists of a 
pendulum, to the support of which two agate balls are attached. The pendulum is 
placed on the coating with the two balls 5 mm in diameter and moved 6° away from 
the position of rest. After releasing the 200 g pendulum the oscillations are recorded 
by a counter. The measure of damping is the number of oscillations or the time in 
seconds which elapses until the amplitude of the pendulum has dropped from 6° to 3° 
[87]. Pendulum hardness of the cured film was measured to determine the film 
hardness.  
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The test results are shown in section 4.3.7. 
3.5.8 Pencil hardness test 
Non-standard but well-accepted measure of the hardness of pencil leads (made of 
different proportions of graphite and clay), commonly ranging from 6B (maximum 
graphite, hence softest) to 6H (least amount of graphite, hence the hardest) with HB 
(roughly equal amounts of graphite and clay, hence medium soft/hard) in the middle 
(Figure 3.19).  Pencil hardness is used in indicating the toughness of surface coatings 
by testing which number pencil-lead can scratch it. 
                    
9H 8H 7H 6H 5H 4H 3H 2H H F HB B 2B 3B 4B 5B 6B 7B 8B 9B 
Hardest → Medium → Softest 
Figure 3.19 : Pencil hardness and properties. 
Pencil Hardness (ASTM D-3363) was performed to check the through cure of 
coatings. Pencil hardness property of coating was determined using pencil ranging 
from H to 8H and the pencil that will not scratch the coating reported as pencil 
scratch hardness.  
The pencil hardness results are given in section 4.3.8. 
3.5.9 Tensile test 
The tensile test serves as the basis for determining several important mechanical 
properties of materials. In this test, the yield strength, tensile strength, elongation, 
and reduction in area of a material specimen are determined. In addition, the modulus 
of elasticity, modulus of resilience, and modulus of toughness of a material are found 
from the stress–strain curve measured during the tensile test. In the tensile test the 
specimen is loaded in uniaxial tension until the specimen fractures. Because of the 
difficulty in determining the elastic limit, it is commonly replaced by the 
proportional limit, which is the stress at which the stress–strain curve is out of 
linearity. The modulus of elasticity, or Young’s modulus, E, a measure of the 
stiffness of the material, is the slope of the curve below the proportional limit. The 
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increase in load that occurs in some materials after the yield strength is reached is 
known as strain hardening or work hardening. Poisson’s ratio ν is the absolute value 
of the ratio of the transverse strain to the axial strain of a specimen under uniformly 
distributed axial stress below the elastic limit. The specimen for a Poisson’s ratio 
tensile test is of rectangular cross section. 
The tensile strength of the material is calculated by dividing the maximum applied 
load by the initial undeformed cross-sectional area of the specimen. According to 
their ability to undergo plastic deformation under loading, materials are identified as 
being ductile or brittle. In a brittle material, fracture can occur suddenly because the 
yield strength and tensile strength are practically the same. The elongation and 
reduction of area give an indication of the ductility of a material specimen, and the 
modulus of toughness shows the energy-dissipating capacities of the material, but 
both ductility and capacity for energy absorption are influenced by such factors as 
stress concentration, specimen size, temperature, and strain rate. A normally ductile 
material such as mild steel will behave in a brittle manner under conditions of low 
temperature, high strain rate, and severe notching. On the other hand, normally brittle 
materials will behave ductile under high hydrostatic pressures and temperatures. 
Therefore, assessment of the ductility and energy-absorbing capacity of a material 
must be made by taking into consideration the service conditions of the final product 
[88]. 
The tensile test results are shown in the section 4.3.1. 
3.5.10 Accelerated weathering test 
QUV accelerated weathering test reproduces the damage caused by sunlight, rain and 
dew. The QUV tests materials by exposing them to alternating cycles of light and 
moisture at controlled, elevated temperatures. The QUV simulates the effect of sun 
light with fluorescent ultraviolet lamps. The test simulates dew and rain with 
condensing humidity and water sprays. Exposure conditions can be varied to 
simulate various end-use environments. The QUV can reproduce damage that occurs 
over months or years outdoors in only a few weeks. Although there is a ‘standard 
cycle’, customization is possible and includes temperature during UV exposure, 
temperature during condensing humidity exposure, type of UV exposure (UV-A 
(UVA-340 nm), UV-B (UVB-313 nm), or UV-C (UVC-254 nm)), amount of UV 
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exposure, and amount of condensing humidity exposure. A standard procedure given 
by ASTM G 53 consists of exposing samples to a cycle consisting of 4 h UV, 
followed by 4 h of condensation at 60°C. Ten such cycles make one test exposure. 
Accelerated UV tests are carried out from a minimum of 100 h to 4000 h. The latter 
is equivalent to 10 years of outdoor exposure [6]. Three types of information can be 
obtained from accelerated UV exposure: gloss change or gloss retention (ASTM D 
523) [89], color change (ΔE) (ASTM D 2244) [90] and chalking resistance (ASTM 
D 4214) [91].  












































4. RESULTS AND DISCUSSION 
In this thesis, polyurethane acrylic resins were synthesized by two different kind of 
natural oil based polyols and these resins were used in the formulations of the 41 
different cured films. Thermal and mechanical properties of the each cured films 
were investigated via the further test which are presented in the further parts of this 
section. 
4.1 Synthesis of PU Acrylate Resin (F41) with PRIPLAST 3293-LQ-(GD)  
Polyurethane acrylate resin (F41) was synthesized via the procedure mentioned in the 
section 3.3.1. The reaction occurred between isocyanate (-N=C=O) group coming 
from Desmolux VP LS 2396 and hydroxyl (-OH) group coming from PRIPLAST 
3293-LQ-(GD). Achieving of the reaction was observed by the specific peaks at the 
FT-IR spectrum. The reaction was ended when the NCO groups were consumed 
totally. NCO consumption was followed by decreasing the peaks at 2276 cm
-1
 in the 
FT-IR spectrum. Moreover, the consumption of polyol could be followed by the 
broad peaks at 3530-3550 cm
-1
. However, characteristic peak of N-H is also seen at 
3346-3350 cm
-1
. That is the reason the peak of NCO consuming was highlighted. 
The comparing of the spectrums between at the moment DBTL was added and at the 
moment of NCO group was totally consumed is given in Figure 4.1. Figure 4.1 also 





), -C-N- stretching bands (1544 cm
-1




Figure 4.1 : FT-IR spectrum during the synthesis of F41. 
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4.2 Synthesis of Polyurethane Acrylate Resin (F12A) with R20A  
Polyurethane acrylate resin (F12A) was synthesized via the procedure mentioned in 
the section 3.3.2. The reaction occurred between isocyanate (-N=C=O) group coming 
from Desmolux VP LS 2396 and hydroxyl (-OH) group coming from R20A. 
Achieving of the reaction was observed by the specific peaks at the FT-IR spectrum. 
The reaction was ended when the NCO groups were consumed totally. NCO 
consumption was followed by decreasing the peaks at 2276 cm
-1
 in the FT-IR 
spectrum. Moreover, the consumption of polyol could be followed by the broad 
peaks at 3530-3550 cm
-1
. However, characteristic peak of N-H is also seen at 3346-
3350 cm
-1
. That is the reason the peak of NCO consuming was highlighted. The 
comparing of the spectrums between at the moment DBTL was added and at the 
moment of NCO group was consumed is given in Figure 4.2. Figure 4.2 also contains 
some other peaks such as; C-H aliphatic stretching band (2856 cm
-1
), C=O (1712 cm
-
1
), -C-N- stretching bands (1544 cm
-1




Figure 4.2 : FT-IR spectrum during the synthesis of F12A. 
4.3 Film Formations 
Films were prepared according to the procedure mentioned in section 3.4.1 with the 
ratios given in section 3.4.2 and the related test results for each film are given in this 
section, 4.3.  
4.3.1 Tensile test 
The tensile tests were applied to the free films prepared in dimensions 10x50x1mm 
according to the preparation procedure which was mentioned in section 3.4.1.1. The 
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application of polymeric coating is very much dependent on tensile properties, 
particularly modulus, tensile strength and elongation up to tearing point.  
The tensile test results for the cured free films prepared with F41 are given in Table 
4.1. 






at Break (%) 
Tensile Stress 
at Break (Mpa) 
F41-1-S1 125.28 9.33 1.05 
F41-1-S2 110.53 14.17 0.95 
F41-3-S1 97.27 14.67 1.82 
F41-3-S2 60.33 15.68 0.52 
F41-1 99.28 8.92 5.66 
F41-2 72.74 7.08 3.15 
F41-3 53.38 13.03 1.10 
F41-4 31.50 15.50 0.27 
F41-5 14.30 17.98 0.26 
F41-3-B2 55.39 13.92 1.073 
 
The tensile test results for the cured free films prepared with F41 and TMPTA are 
given in Table 4.2. 





Tensile Strain at 
Break (%) 
Tensile Stress at 
Break (Mpa) 
F41-TA-1-S1 391.25 7.48 1.87 
F41-TA-1-S2 340.13 10.06 1.38 
F41-TA-3-S1 208.44 15.04 1.00 
F41-TA-3-S2 167.36 18.96 0.71 
F41-TA-1 421.37 9.58 3.29 
F41-TA-2 282.74 17.01 3.06 
F41-TA-3 203.55 26.47 2.11 
F41-TA-4 149.62 32.25 1.35 
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The tensile test results for the cured films prepared with F41 and BL 3175 SN are 
given in Table 4.3. 










BL-F41-1 511.29 4.50 6.97 
BL-F41-2 480.57 8.26 7.30 
BL-F41-3 456.09 10.05 8.72 
BL-F41-4 301.54 11.17 16.96 
BL-F41-5 268.49 12.85 18.22 
 
The tensile test results for the cured free films prepared with F12A are given in Table 
4.4. 









F12A-1-S1 149.95 7.00 6.34 
F12A-1-S2 105.47 12.17 0.80 
F12A-3-S1 55.33 11.92 3.56 
F12A-3-S2 47.89 13.67 1.70 
F12A-1 138.28 9.34 5.09 
F12A-2 92.74 11.00 4.00 
F12A-3 63.59 12.34 3.00 
F12A-4 29.89 14.75 0.26 
 
The tensile test results for the cured free films prepared with 12A and TMPTA are 





Table 4.5 : Tensile test results of the films prepared with 12A and TMPTA. 
Sample Code Modulus  
(Mpa) 
Tensile Strain at 
Break (%) 
Tensile Stress at 
Break (Mpa) 
F12A-TA-1-S1 323.53 8.56 1.36 
F12A-TA-1-S2 458.40 7.67 1.13 
F12A-TA-3-S1 182.77 5.00 1.16 
F12A-TA-3-S2 205.25 12.66 0.65 
F12A-TA-1 414.83 3.76 0.56 
F12A-TA-2 242.54 8.42 0.56 
F12A-TA-3 189.25 10.11 0.51 
F12A-TA-4 119.78 11.31 0.49 
 
The tensile test results for the cured free films prepared with F41 and BN-AC are 
given in Table 4.6 





Tensile Strain at 
Break (%) 
Tensile Stress at 
Break (Mpa) 
Y3 86.10 17.98 0.95 
Y4 182.28 36.70 1.37 
 
As a property of polyurethane acrylates and therefore as a major feature of Desmolux 
VP LS 2396 and BL 3175 SN, to obtain flexible products were expecting. As seen in 
the tensile test results in Table 4.1-5, when urethane acrylate content increases, the 
modulus and tensile stress at break decreases and the tensile strain at break increases. 
That means when the urethane acrylate content increase increases, flexibility clearly 
increases.  
Furthermore, if the effect of the diluent including silane in the cured films is 
considered, the effect of silane and acrylates at the structure in the related diluent can 
be seen at the tensile test results, such as diluent with silane helps to obtain longer 
chain, which lead to have a flexible cured films. 
Moreover, the tensile test results of the cured films with TMPTA are considered, the 
increasing in the modulus value comparing the films without TMPTA is clearly seen. 
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TMPTA helps to increasing the crosslinking of the polymer and makes the cured 
films much more stiff than the cured films without TMPTA. 
Lastly, if the tensile test results of the cured films prepared by the F41 urethane 
acrylate resins in company with the blocked polyisocyanate BL 3175 SN is 
considered, the decreasing of the modulus and increasing of tensile strain is seen 
clearly. This proves that when the blocked isocyanate content in the cured film 
formulations is increased, flexibilities of the cured films are increased. 
4.3.2 Gel content of cured films 
Gel content test was applied to the cured films via the procedure given in the section 
of 3.5.3. This test was applied to measure the polymerization degree of the cured 
films.  
The results of the gel content tests for the cured free films prepared with F41 are 
given in Table 4.7. 
Table 4.7 : Gel content of the cured films prepared with F41. 












The results of the gel content tests for the cured free films prepared with F41 and 
TMPTA are given in Table 4.8. 
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Table 4.8 : Gel content of the cured films prepared with F41 and TMPTA. 










The results of the gel content tests for the cured films prepared with F41 and BL 
3175 SN are given in Table 4.9. 
Table 4.9 : Gel content of cured films prepared with F41 and BL 3175 SN. 







The results of the gel content tests for the cured free films prepared with 12A are 
given in Table 4.10. 
Table 4.10 : Gel content of cured films prepared with 12A. 










The results of the gel content tests for the cured free films prepared with 12A and 
TMPTA are given in Table 4.11. 
Table 4.11 : Gel content of cured films prepared with 12A and TMPTA. 










The results of the gel content tests for the cured free films prepared with F41 and 
BN-AC are given in Table 4.12. 
Table 4.12 : Gel content of cured films prepared with F41 and BN-AC. 




If the cured films of F41 are considered, unreacted part of the cured films without 
TMPTA is about 9-10%. And if the cured films of F12A are considered, unreacted 
part of the cured films without TMPTA is about 7-8%. This difference can be 
explained by the effect of differences of the polyols functionalities. As the R20A 
used in the producing of the resin F12A has three functionality and the PRIPLAST 
3293-LQ-(GD) used in the producing F41 resin has two functionality. When the 
functionality of the polyol increases, the degree of the polymerization increases. 
Furhermore, when TMPTA is added to the cured film formulations, the unreacted 
part of the cured films decreases about 5%. Therefore, unreacted part of the cured 
films with F41 and TMPTA is about 4-5%. And if the cured films of F12A with 
TMPTA are considered, unreacted part of the cured films is about 3-4%. That means 
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the systems with TMPTA has clearly higher polymerization degree because of the 
three acrylates structure which helps to high crosslinking. 
At the both systems with or without TMPTA, when the silane including diluent is 
added or the amount of it is increased, the value of unreacted part of the cured films 
decreases %1. This is the positive effect of the silane and acrylate part of the diluents 
to the polymerization degree.   
Moreover, as can be seen in the results, the unreacted part of the cured films 
including blocked isocyanates is about 1% which means it has quite high 
polymerization degree. 
 
4.3.3 Thermogravimetric analysis  







C in order to analyze thermal stabilities of 
the cured films. 
The results of TGA analysis for the cured films prepared with F41 are given in Table 
4.13. 
Table 4.13 : Thermogravimetric analysis of the films prepared with F41. 








C) Residue (%) 
F41-1-S1 212.49 406.47 2.67 
F41-1-S2 217.07 409.62 4.32 
F41-3-S1 219.46 416.27 3.75 
F41-3-S2 219.75 411.68 4.56 
F41-1 219.03 404.01 1.21 
F41-2 209.05 407.32 1.54 
F41-3 216.11 408.60 1.01 
F41-4 216.33 414.68 2.61 
F41-5 232.94 419.39 2.11 
F41-3-B2 202.92 411.84 2.01 
 
The results of TGA analysis for the cured films prepared with F41 and TMPTA are 
given in Table 4.14. 
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Table 4.14 : Thermogravimetric analysis of films prepared with F41 and TMPTA. 








C) Residue (%) 
F41-TA-1-S1 277.11 435.18 3.55 
F41-TA-1-S2 289.36 446.34 4.85 
F41-TA-3-S1 255.17 443.80 3.32 
F41-TA-3-S2 247.58 442.23 3.21 
F41-TA-1 260.19 449.94 4.70 
F41-TA-2 267.84 447.63 5.22 
F41-TA-3 276.29 447.94 5.20 
F41-TA-4 243.78 440.95 3.38 
 
The results of TGA analysis for the cured films prepared with F41 and BL 3175 SN 
are given in Table 4.15. 
Table 4.15 : TGA  analysis of the films prepared with F41 and BL 3175 SN. 








C) Residue (%) 
BL-F41-1 201.11 449.61 7.65 
BL-F41-2 185.84 446.14 4.69 
BL-F41-3 262.15 451.38 6.18 
BL-F41-4 193.84 448.82 6.27 
BL-F41-5 197.15 441.49 5.30 
 
The results of TGA analysis for the cured films prepared with 12A are given in Table 
4.16. 
Table 4.16 : Thermogravimetric analysis of the films prepared with 12A. 








C) Residue (%) 
F12A-1-S1 258.76 410.43 4.70 
F12A-1-S2 249.23 409.93 4.36 
F12A-3-S1 254.61 412.28 3.22 
F12A-3-S2 248.38 413.33 4.34 
F12A-1 220.18 403.90 1.31 
F12A-2 212.63 405.99 1.75 
F12A-3 226.64 407.99 2.03 
F12A-4 230.39 406.90 1.96 
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The results of TGA analysis for the cured films prepared with F12A and TMPTA are 
given in Table 4.17. 
Table 4.17 : Thermogravimetric analysis of films prepared with 12A and TMPTA. 








C) Residue (%) 
F12A-TA-1-S1 239.08 446.82 3.89 
F12A-TA-1-S2 218.20 448.69 6.56 
F12A-TA-3-S1 241.32 442.80 4.06 
F12A-TA-3-S2 235.79 444.55 6.75 
F12A-TA-1 260.26 450.62 4.26 
F12A-TA-2 267.35 444.84 1.66 
F12A-TA-3 223.87 416.04 2.09 
F12A-TA-4 262.48 441.65 2.93 
 
The results of TGA analysis for the cured films prepared with F41 and BN-AC are 
given in Table 4.18. 
Table 4.18 : Thermogravimetric analysis of films prepared with F41 and BN-AC. 








C) Residue (%) 
Y3 208.90 404.89 0.57 
Y4 270.14 448.29 3.21 
 
When all the TGA results are considered, can be said that there is no significant 
effect of increasing the urethane acrylate amount in the cured films to the thermal 
stability of the films.  
Moreover, in the boron containing formulations, too significant thermal stability 
difference cannot be observed because of the other dominant structures in the 
formulations of the related diluents or due to the amount of used boron containing 
diluents in the formulations are inadequate to see their effects on the thermal 
stabilities.  
However, again when all the results are considered, in case of the TMPTA is added 
to the formulations, the thermal stability and char yield of the cured films particularly 
increases.  
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4.3.4 Solvent resistance 
The solvent resistance test was applied via the method mentioned in the section 
3.5.4. The solvent results provides to see the resistance behaviors of the cured films 
against related solvents. 
4.3.4.1 Solvent resistance of the films prepared with F41 
The films mentioned prepared with F41 do not have resistance against xylene. 
Moreover, the cured film samples immersed in chloroform have broken appearance. 
The cured film samples, including diluent with silane, immersed in methanol have 
also broken appearance. However, the cured film including boronmethacrylate has 
good appearance in all the solvents, except chloroform. It has broken appearance in 
only chloroform. The solvent resistance test results for the cured films of F41-1-
S1and the used solvents are given in Table 4.19. 
Table 4.19 : Solvent resistance of F41-1-S1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Broken 
Chloroform 5 Broken 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
The solvent resistance test results for the cured films of F41-1-S2 and the used 
solvents are given in Table 4.20. 
Table 4.20 : Solvent resistance of F41-1-S2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Broken 
Chloroform 5 Broken 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
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The solvent resistance test results for the cured films of F41-3-S1 and the used 
solvents are given in Table 4.21. 
Table 4.21 : Solvent resistance of F41-3-S1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Broken 
Chloroform 5 Broken 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
 
The solvent resistance test results for the cured films of F41-3-S2and the used 
solvents are given in Table 4.22. 
Table 4.22 : Solvent resistance of F41-3-S2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Broken 
Chloroform 5 Broken 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
 
The solvent resistance test results for cured films of F41-1 are given in Table 4.23. 
Table 4.23 : Solvent resistance of F41-1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Good 
Chloroform 4 Broken 
10% CH3COOH 2 Good 
10% HCl 2 Good 
10% NaOH 2 Good 
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The solvent resistance test results for the cured films of F41-2 and the used solvents 
are given in Table 4.24. 
Table 4.24 : Solvent resistance of F41-2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Good 
Chloroform 4 Broken 
10% CH3COOH 2 Good 
10% HCl 2 Good 
10% NaOH 2 Good 
 
The solvent resistance test results for the cured films of F41-3 and the used solvents 
are given in Table 4.25. 
Table 4.25 : Solvent resistance of F41-3. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Good 
Chloroform 4 Broken 
10% CH3COOH 2 Good 
10% HCl 2 Good 
10% NaOH 2 Good 
 
The solvent resistance test results for cured films of F41-4 are given in Table 4.26. 
Table 4.26 : Solvent resistance of F41-4. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Good 
Chloroform 4 Broken 
10% CH3COOH 2 Good 
10% HCl 2 Good 
10% NaOH 2 Good 
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The solvent resistance test results for the cured films of F41-5 and the used solvents 
are given in Table 4.27. 
Table 4.27 : Solvent resistance of F41-5. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 3 Good 
Chloroform 4 Broken 
10% CH3COOH 2 Good 
10% HCl 2 Good 
10% NaOH 2 Good 
 
The solvent resistance test results for the cured films of F41-3-B2 and the used 
solvents are given in Table 4.28. 
Table 4.28 : Solvent resistance of F41-3-B2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 3 Good 
Chloroform 5 Broken 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
 
4.3.4.2 Solvent resistance of the films prepared with F41 and TMPTA 
The solvent resistance results of the cured films including F41 and TMPTA are given 
in Table 4.29-36.  
The cured films prepared with F41 and TMPTA, which have high polymerization 
degree, have resistance to the all used solvents during the solvent resistance tests.  
The solvent resistance test results for the cured films of F41-TA-1-S1and the used 
solvents are given in Table 4.29. 
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Table 4.29 : Solvent resistance of F41-TA-1-S1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F41-TA-1-S2 and the used 
solvents are given in Table 4.30. 
Table 4.30 : Solvent resistance of F41-TA-1-S2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F41-TA-3-S1 and the used 
solvents are given in Table 4.31. 
Table 4.31 : Solvent resistance of F41-TA-3-S1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F41-TA-3-S2 and the used 
solvents are given in Table 4.32. 
Table 4.32 : Solvent resistance of F41-TA-3-S2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F41-TA-1 and the used 
solvents are given in Table 4.33. 
Table 4.33 : Solvent resistance of F41-TA-1. 
Solvents Weight loss (%) Appearance 
Xylene 2 Good 
Methanol 2 Good 
Chloroform 2 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F41-TA-2 and the used 
solvents are given in Table 4.34. 
Table 4.34 : Solvent resistance of F41-TA-2. 
Solvents Weight loss (%) Appearance 
Xylene 2 Good 
Methanol 2 Good 
Chloroform 2 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F41-TA-3 and the used 
solvents are given in Table 4.35. 
Table 4.35 : Solvent resistance of F41-TA-3. 
Solvents Weight loss (%) Appearance 
Xylene 2 Good 
Methanol 2 Good 
Chloroform 2 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F41-TA-4 and the used 
solvents are given in Table 4.36. 
Table 4.36 : Solvent resistance of F41-TA-4. 
Solvents Weight loss (%) Appearance 
Xylene 2 Good 
Methanol 2 Good 
Chloroform 2 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
4.3.4.3 Solvent resistance of the films prepared with F41 and BL 3175 SN 
The solvent resistance results of the cured films including F41 and BL 3175 SN are 
given in Table 4.37-41.  
The cured films prepared with F41 and BL 3175 SN, which have high 
polymerization degree, have resistance to the all used solvents during the solvent 
resistance tests.  
The solvent resistance test results for the cured films of BL-F41-1 and the used 
solvents are given in Table 4.37. 
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Table 4.37 : Solvent resistance of BL-F41-1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of BL-F41-2 and the used 
solvents are given in Table 4.38. 
Table 4.38 : Solvent resistance of BL-F41-2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of BL-F41-3 and the used 
solvents are given in Table 4.39. 
Table 4.39 : Solvent resistance of BL-F41-3. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of BL-F41-4 and the used 
solvents are given in Table 4.40. 
Table 4.40 : Solvent resistance of BL-F41-4. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of BL-F41-5 and the used 
solvents are given in Table 4.41. 
Table 4.41 : Solvent resistance of BL-F41-5. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
4.3.4.4 Solvent resistance of the films prepared with F12A 
The solvent resistance results of the cured films including F12A are given in Table 
4.42-49. The cured films mentioned as prepared with F12A do not have resistance 
against xylene. Moreover, the cured film samples immersed in chloroform have 
broken appearance. The related cured films have resistance against the all other 
solvents used during the solvent resistance tests. 
The solvent resistance test results for the cured films of F12A-1-S1 and the used 
solvents are given in Table 4.42. 
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Table 4.42 : Solvent resistance of F12A-1-S1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 5 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-1-S2 and the used 
solvents are given in Table 4.43. 
Table 4.43 : Solvent resistance of F12A-1-S2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 5 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-3-S1 and the used 
solvents are given in Table 4.44. 
Table 4.44 : Solvent resistance of F12A-3-S1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 5 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F12A-3-S2 and the used 
solvents are given in Table 4.45. 
Table 4.45 : Solvent resistance of F12A-3-S2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 5 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-1 and the used 
solvents are given in Table 4.46. 
Table 4.46 : Solvent resistance of F12A-1. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 4 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for cured films of F12A-2 are given in Table 4.47. 
Table 4.47 : Solvent resistance of F12A-2. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 4 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F12A-3 and the used 
solvents are given in Table 4.48. 
Table 4.48 : Solvent resistance of F12A-3. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 4 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-4 and the used 
solvents are given in Table 4.49. 
Table 4.49 : Solvent resistance of F12A-4. 
Solvents Weight loss (%) Appearance 
Xylene 100 Dissolved 
Methanol 2 Good 
Chloroform 4 Broken 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
4.3.4.5 Solvent resistance of the films prepared with F12A and TMPTA 
The solvent resistance results of the cured films including F12A and TMPTA are 
given in Table 4.50-57.  
The cured films prepared with F12A and TMPTA have resistance to the all solvents 
used during the solvent resistance tests.  
The solvent resistance test results for the cured films of F12A-TA-1-S1 and the used 
solvents are given in Table 4.50. 
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Table 4.50 : Solvent resistance of F12A-TA-1-S1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-TA-1-S2 and the used 
solvents are given in Table 4.51. 
Table 4.51 : Solvent resistance of F12A-TA-1-S2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-TA-3-S1 and the used 
solvents are given in Table 4.52. 
Table 4.52 : Solvent resistance of F12A-TA-3-S1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F12A-TA-3-S2 and the used 
solvents are given in Table 4.53. 
Table 4.53 : Solvent resistance of F12A-TA-3-S2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-TA-1 and the used 
solvents are given in Table 4.54. 
Table 4.54 : Solvent resistance of F12A-TA-1. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance results for cured films of F12A-TA-2 are given in Table 4.55. 
Table 4.55 : Solvent resistance of F12A-TA-2. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
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The solvent resistance test results for the cured films of F12A-TA-3 and the used 
solvents are given in Table 4.56. 
Table 4.56 : Solvent resistance of F12A-TA-3. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
The solvent resistance test results for the cured films of F12A-TA-4 and the used 
solvents are given in Table 4.57. 
Table 4.57 : Solvent resistance of F12A-TA-4. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH <1 Good 
10% HCl <1 Good 
10% NaOH <1 Good 
 
4.3.4.6 Solvent resistance of the films prepared with F41 and BN-AC 
The solvent resistance results of the cured films including F41 and BN-AC are given 
in Table 4.58 and 4.59.  
The cured films prepared with F41 and BN-AC have resistance to the all solvents 
used during the solvent resistance tests.  
The solvent resistance test results for the cured films of Y3 and the used solvents are 
given in Table 4.58. 
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Table 4.58 : Solvent resistance of Y3. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
 
The solvent resistance test results for the cured films of Y4 and the used solvents are 
given in Table 4.59. 
Table 4.59 : Solvent resistance of Y4. 
Solvents Weight loss (%) Appearance 
Xylene 1 Good 
Methanol 1 Good 
Chloroform 1 Good 
10% CH3COOH 1 Good 
10% HCl 1 Good 
10% NaOH 1 Good 
 
4.3.5 Contact angle 
Contact angle value of a liquid on a cured film is a direct reflection of the surface 
wettability. Contact angles of water were measured on plates coated with 41 different 
film formulations.  
For each measurement one drop of water was tested on the surfaces. Three 
measurements for each coated plates were applied and then average of the values are 
given as the test result in Table 4.60-65.  
According to the results every coated plates has a hydrophobic effect in comparison 
with the related non-coated plates. Furthermore, presence of the diluent including 
silane increases the water contact angle of the cured films. 
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The contact angle results for the cured films of F41 are given in Table 4.60. 
Table 4.60 : Contact angle of the films prepared with F41. 













The contact angle results for the cured films of F41 and TMPTA are given in Table 
4.61. 
Table 4.61 : Contact angle of the films prepared with F41 and TMPTA. 













The contact angle results for the cured films of F41 and BL 3175 SN are given in 
Table 4.62. 
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Table 4.62 : Contact angle of the films prepared with F41 and BL 3175 SN. 
Sample Code Water Contact Angle (°) 







The contact angle results for the cured films of F12A are given in Table 4.63. 
















The contact angle results for the cured films of F41 and BN-AC are given in Table 
4.64. 
Table 4.64 : Contact angle of the films prepared with F41 and BN-AC. 
Sample Code Water Contact Angle (°) 







The contact angle results for the cured films of F12A and TMPTA are given in Table 
4.65. 
Table 4.65 : Contact angle of the films prepared with F12A and TMPTA. 
Sample Code Water Contact Angle (°) 


















4.3.6 Gloss test 







. Gloss values were measured for the 41 different cured films on plates and the 
results are given in Table 4.66-70. According to the results, there is no significant 
effect of increasing the resins with F41 or F12A on the gloss values of the cured 
films. However, when the amount of diluent including silane in the film formulation 
increases, the gloss value increases due to the presence of the silane in the structures.  
The gloss test results for the cured films of F41 and BL 3175 SN are given in Table 
4.66. 
Table 4.66 : Gloss test of the films prepared with F41 and BL 3175 SN. 
Sample Code Gloss 
20° 60° 85° 
BL-F41-1 118 124 96 
BL-F41-2 78 107 93 
BL-F41-3 59 91 92 
BL-F41-4 79 96 82 
BL-F41-5 48 82 80 
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The gloss test results for the cured films of F41 are given in Table 4.67. 
Table 4.67 : Gloss test of the films prepared with F41. 
Sample Code 
Gloss 
20° 60° 85° 
F41-1-S1 136 137 104 
F41-1-S2 148 147 104 
F41-3-S1 116 132 97 
F41-3-S2 136 135 106 
F41-1 147 145 109 
F41-2 151 147 108 
F41-3 146 143 108 
F41-4 145 144 110 
 
The gloss test results for the cured films of F41 and TMPTA are given in Table 4.68. 
 
Table 4.68 : Gloss test of the films prepared with F41 and TMPTA. 
Sample Code 
Gloss 
20° 60° 85° 
F41-TA-1-S1 135 139 103 
F41-TA-1-S2 146 141 106 
F41-TA-3-S1 149 143 102 
F41-TA-3-S2 150 144 105 
F41-TA-1 150 144 103 
F41-TA-2 153 145 106 
F41-TA-3 145 143 103 
F41-TA-4 138 142 106 
 







Table 4.69 : Gloss test of the films prepared with F12A. 
Sample Code 
Gloss 
20° 60° 85° 
F12A-1-S1 122 128 99 
F12A-1-S2 130 129 91 
F12A-3-S1 149 145 104 
F12A-3-S2 152 148 110 
F12A-1 145 147 108 
F12A-2 153 148 110 
F12A-3 149 146 109 
F12A-4 124 132 92 
 
The gloss test results for the cured films of F12A and TMPTA are given in Table 
4.70. 
Table 4.70 : Gloss test of the films prepared with F12A and TMPTA. 
Sample Code 
Gloss 
20° 60° 85° 
F12A-TA-1-S1 141 142 101 
F12A-TA-1-S2 146 146 103 
F12A-TA-3-S1 142 148 99 
F12A-TA-3-S2 150 151 107 
F12A-TA-1 150 149 101 
F12A-TA-2 122 139 99 
F12A-TA-3 144 148 99 
F12A-TA-4 158 150 109 
 
4.3.7 Pendulum hardness 
The hardness of the coating is the most important factor affecting the abrasion and 
scratch resistance. Stiff coatings give better scratch resistance, whereas abrasion 
resistance is also affected by surface friction. Hardness of a coating depends mainly 
on chain flexibility of the molecules and crosslinking density. The pendulum 
hardness test measures the surface hardness in combination with surface friction.  
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The pendulum hardness test results for the coated plates are given in Table 4.71-76. 
As a summary of the all results given for pendulum hardness, the increasing the 
urethane acrylate amount of the cured film formulations decreases the hardness 
value. The presence of the diluent with silane in the film formulation decreases the 
hardness value of the cured films. Moreover, the presence of the TMPTA increases 
the hardness value of the cured films. The pendulum hardness test results for the 
cured films of F41 are given in Table 4.71. 
Table 4.71 : Pendulum hardness of the films prepared with F41. 
Sample Code Pendulum Hardness (oscillations according to König) 










The pendulum hardness test results for the cured films of F41 and TMPTA are given 
in Table 4.72. 
Table 4.72 : Pendulum hardness of the cured films prepared with F41 and TMPTA. 
Sample Code Pendulum Hardness (oscillations according to König) 










The pendulum hardness results of F41 and BL 3175 SN are given in Table 4.73. 
Table 4.73 : Pendulum hardness of the films prepared with F41 and BL 3175 SN. 
Sample Code Pendulum Hardness (oscillations according to König) 







The pendulum hardness test results for cured films of F12A are given in Table 4.74. 
Table 4.74 : Pendulum hardness of the films prepared with F12A. 
Sample Code Pendulum Hardness (oscillations according to König) 










The pendulum hardness test results for the cured films of F41 and BN-AC are given 
in Table 4.75. 
Table 4.75 : Pendulum hardness of the films prepared with F41 and BN-AC. 
Sample Code Pendulum Hardness (oscillations according to König) 




The pendulum hardness results of films, F12A and TMPTA are given in Table 4.76. 
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Table 4.76 : Pendulum hardness of the films prepared with F12A and TMPTA. 
Sample Code Pendulum Hardness (oscillations according to König) 










4.3.8 Pencil hardness (ASTM D3363) 
Pencil hardness test was applied on coated plates via the method mentioned in 
section 3.5.8. This test is applied to understand hardness of the surface in addition to 
pendulum hardness. Pencil hardness test measures the surface hardness in 
combination with surface scratch.The results for each cured film are listed in Table 
4.77-82. The effect of the presence of TMPTA in the film formulations can be seen 
as the result of increasing hardness, due to provide high crosslinking features. Also, 
the highness of hardness of the film obtained with blocked isocyanates can be seen 
because of the good polymerization degree.  
The results of pencil hardness test for the cured films of F41 and BL 3175 SN are 
given in Table 4.77. 
Table 4.77 : Pencil hardness of the films prepared with F41 and BL 3175 SN. 









The results of pencil hardness test for the cured films of F41 are given in Table 4.78. 
Table 4.78 : Pencil hardness of the films prepared with F41. 










The results of pencil hardness test for the cured films of F41 and TMPTA are given 
in Table 4.79. 
Table 4.79 : Pencil hardness of the films prepared with F41 and TMPTA. 










The results of pencil hardness test for the cured films of F41 and BN-AC are given in 
Table 4.80. 
Table 4.80 : Pencil hardness of the films prepared with F41 and BN-AC. 




The results of pencil hardness test for cured films of F12A are given in Table 4.81. 
Table 4.81 : Pencil hardness of the films prepared with F12A. 










Pencil hardness results for cured films of F12A and TMPTA are given in Table 4.82. 
Table 4.82 : Pencil hardness of the films prepared with F12A and TMPTA. 










4.3.9 Accelerated weathering test 
Accelerated weathering test was applied to the cured free films prepared with BN-
AC at 50
o
C temperature, with a UVA-340 nm lamb with the power of 0.78 W/m
2
. 
The test was applied for a week to the cured films. The appearance of the difference 
between the film without applying weathering test and the tested films after 24 hours 






After 24 hours 
Y3 on the left 
Y4 on the right 
b) 
After 48 hours 
Y3 on the left 
Y4 on the right 
c) 
After 168 hours 
Y3 on the left 
Y4 on the right 
Figure 4.3 : Accelerated weathering test results for Y3 and Y4 cured films; a)after  
  24 hours, b)after 48 hours, c)after 168 hours. 
On the Figure 4.3, the film pieces at the bottom are the cured films without applied 
weathering tests. The middle and the top of film pieces were tested during the time 
period as given in the related a, b or c part of the Figure 4.3. 
The advantage of presence of the diluents including triacrylates in the coatings due to 
the contribution of increasing the crosslinking can be clearly seen as a result of 
weathering test. Even there is a yellowing on the both cured films after the test; Y4 
















The aim of this study is to synthesize urethane acrylate coatings by renewable 
materials within the context of environmental regulations related to the coatings 
industry, the importance of sustainability and high prices of the petrochemical 
resources. In this study, two different kinds of urethane acrylate resins were 
synthesized by two different natural oil based polyols. The urethane acrylate resins 
were produced by the reactions between an isocyanate-bearing urethane acrylate and 
natural oil based polyols. One of the polyols was produced by canola oil with three 
functionalities and the other one was produced by vegetable (rapeseed) oil with two 
functionalities. The reaction between isocyanate and hydroxyl group was observed 
by FT-IR spectroscopic techniques and the proof of consuming isocyanate group 
shared in this study. After producing the resins, forty one different formulations were 
prepared in order to obtain cured films. Film formulations are prepared with various 
reactive diluents, which are used to help curing and decreasing the viscosity, and 
photoinitiators or catalysts according to the curing method. During curing, UV and 
thermal curing applied to the free films, films on plexiglass plates or on glass plates. 
Due to the ability of applying UV and thermal curing, the final coatings products are 
suitable to be used for three-dimension materials. As a result of this study, cured 
films are tested to investigate their chemical and mechanical properties. Tensile test, 
thermal gravimetric analysis, gel content measurement, solvent resistance, contact 
angle measurement, gloss test, pendulum hardness tests, pencil hardness test and 
accelerated weathering tests were applied to the cured films. The effects of the 
ingredients were investigated for each films and as a general result of this study, 
urethane acrylates has an important role to produce flexible cured films. 
Furthermore, the effects of reactive diluents were investigated and showed that the 
diluents including triacrylates have a significant effect to obtain a high crosslinked 
and stiff cured films which have good thermal stability and mechanical properties, 
such as resistance against solvent and scratch. Moreover, this study showed the 
efficient role of the blocked isocyanates on the obtaining cured films with high 









































[1] Orr & Boss, Inc., 2011-2016 Global Market Analysis for the Paint & Coatings 
Industry, International Paint & Printing Ink Council, pp. 1.4, 18.5. 
[2] Goldschmidt, A., Streitberger, H., 2007, BASF Handbook on Basics of Coating 
Technology, 2
nd
 rev.ed., pp.27-30, 123. 
[3] 2004, Directive 2004/42/CE of the European Parliament and of the Council of of 
21 April 2004 on the limitation of emissions of volatile organic 
compounds due to the use of organic solvents in certain paints and 
varnishes and vehicle refinishing products and amending Directive 
1999/13/EC, Official Journal of the European Union, 1 143/87, pp.1,2. 
[4] Chattopadhyay, D.K., Raju, K.V.S.N., 2007, Structural engineering of 
polyurethane coatings for high performance applications, Prog. 
Polym. Sci. 32, pp.352–418.  
[5] Bayer O., 1947, The diisocyanate polyaddition process (polyurethanes). 
Description of a new principle for building up high-molecular 
compounds. Angew Chem A59, pp.257. 
[6] Khanna, A.S., 2008, High-Performance organic coatings, Woodhead Publishing 
Limited, pp. 20, 72. 
[7] Verma, H., 2011, Polyurethanes, its uses and applications, LAP Lambert 
Academic Publishing GmbH & Co. KG, pp.18, 27. 
[8] Meier-Westhues, U., 2007, Polyurethanes – Coatings, Adhesives and Sealants, 
Vincentz Network GmbH&Co.KG, pp.56, 57, 78, 83. 
[9] Ionescu, M., 2005, Chemistry and technology of polyols for polyurethanes, 
Rapra Technology Limited, pp.6, 31, 35, 263. 
[10] Gandini, A. 2008, Polymers from renewable resources: a challenge for the 
future of macromolecular materials. Macromolecules 41(24):9, 
pp.491–504. 
[11] Raquez, J.M., Deléglise, M., Lacrampe, M.F., Krawczak, P., 2010, 
Thermosetting (bio) materials derived from renewable resources: a 
critical review. Prog Polym Sci 35(4), pp.487–509. 
[12] Mohanty, A., Misra, M., Drzal, L., 2002, Sustainable bio-composites from 
renewable resources: opportunities and challenges in the green 
materials world. J Polym Environ 10(1), pp.19–26. 
98 
[13] Lligadas, G., Ronda, J.C., Galià, M., Cádiz, V., 2007, Poly (ether urethane) 
networks from renewable resources as candidate biomaterials: 
synthesis and characterization. Biomacromolecules 8(2), pp.686–692. 
[14] Miao, S., Sun, L., Wang, P., Liu, R., Su, Z., Zhang, S., 2012, Soybean oil 
based polyurethane networks as candidate biomaterials: synthesis and 
biocompatibility. Eur J Lipid Sci Tech 114, pp.1165–74. 
[15] Guo, B., Chen, Y., Lei, Y., Zhang, L., Zhou, W.Y., Rabie, A.B.M., et al., 
2011, Biobased poly (propylene sebacate) as shape memory polymer 
with tunable switching temperature for potential biomedical 
applications. Biomacromolecules 12(4), pp.1312–21. 
[16] Meier, M.A., Metzger, J.O., Schubert, U.S., 2007, Plant oil renewable 
resources as green alternatives in polymer science, Chem Soc Rev 
36(11), pp.1788–802. 
[17] Xia Y., Larock R.C., 2010, Vegetable oil-based polymeric materials: synthesis, 
properties, and applications, Green Chem; 12(11), pp.1893–1909. 
[18] Biermann U., Friedt W., Lang S., Lühs W., Machmüller G., Metzger J.O., 
et al., 2000, New syntheses with oils and fats as renewable raw 
materials for the chemical industry, Angew Chem Int Ed 39(13), 
pp.2206–2224. 
[19] Sharma V., Kundu P., 2008, Condensation polymers from natural oils, Prog 
Polym Sci 33(12), pp.1199–215. 
[20] Ronda J.C., Lligadas G., Galia M., Cadiz V., 2011, Vegetable oils as platform 
chemicals for polymer synthesis, Eur J Lipid Sci Tech 113(1), pp.46–
58. 
[21] Petrovic Z.S., 2008, Polyurethanes from vegetable oils, Polym Rev 48(1), 109–
155. 
[22] Montero de Espinosa L., Meier M.A., 2011, Plant oils: the perfect renewable 
resource for polymer science, Eur Polym J 47(5), pp.837–852. 
[23] Galia M., de Espinosa L.M., Ronda J.C., Lligadas G., Cadiz V., 2010, 
Vegetable oil-based thermosetting polymers, Eur J Lipid Sci Tech 
112(1), pp.87–96. 
[24] Desroches M., Escouvois M., Auvergne R., Caillol S., Boutevin B., 2012, 
From vegetable oils to polyurethanes: synthetic routes to polyols and 
main industrial products, Polym Rev 52(1), pp.38–79. 
[25] Lligadas G., 2013, Renewable polyols for polyurethane synthesis via thiol-
ene/yne couplings of plant oils, Macromol Chem Phys 214, pp.415–
422. 
[26] Miao, S., Wang, P., Su, Z., Zhang, S., 2013, Vegetable-oil-based polymers as 
future polymeric biomaterials, Acta Biomaterialia, in press. 
99 
[27] Khoe, T. H., Otey, F. H., Frankel, E. N., 1972, Rigid urethane foams from 
hydroxymethylated linseed oil and polyol esters, J. Am. Oil Chem. 
Soc. 49 (11), pp.615-618. 
[28] Lyon, C.K., Garrett, V.H., Frankel, E.N., 1974, Rigid urethane foams from 
hydroxymethylated castor oil, safflower oil, oleic safflower oil, and 
polyol esters of castor acids, J. Am. Oil Chem. Soc. 51 (8), pp.331-
334. 
[39] Gruber, B., Hofer, R., Kluth, H., Meffert, A., 1987, Polyole auf Basis 
fettchemischer Rohstoffe. Fett. Wiss. Technol., Fat. Sci. Technol. 89 
(4), pp.147-151.  
[30] Barrett, L.W., Sperling, L.H., Murphy, C.J., 1993, Naturally functionalized 
triglyceride oils in interpenetrating polymer networks, J. Am. Oil 
Chem. Soc. 70 (5), pp.523-534. 
[31] Heidbreder, A., Hofer, R., Grutzmacher, R., Westfechtel, A., Blewett, C.W., 
1999, Oleochemical products as building blocks for polymers, Fett/ 
Lipid 101 (11), pp.418-424. 
[32] Li, F., Hanson, M.V., Larock, R.C., 2001, Soybean oil-divinylbenzene 
thermosetting polymers: synthesis, structure, properties and their 
relationships, Polymer 42 (4), pp.1567-1579. 
[33] Guo, A., Demydov, D., Zhang, W., Petrovic, Z.S., 2002, Polyols and 
polyurethanes from hydroformylation of soybean oil, J. Polym. 
EnViron. 10 (1-2), pp.49-52. 
[34] Petrovic, Z.S., Cevallos, M.J., Javni, I., Schaefer, D.W., 2005, Justice, R. 
Soy-oil-based segmented polyurethanes, J. Polym. Sci., Part B: 
Polym. Phys. 43 (22), pp.3178-3190. 
[35] Petrovic, Z.S., Zhang, W., Javni, I., 2005, Structure and properties of 
polyurethanes prepared from triglyceride polyols by ozonolysis, 
Biomacromolecules 6 (2), pp.713-719. 
[36] Roloff, T., Erkens, U., Hofer, R., 2005, Polyols based on renewable 
feedstocks: A significant alternative, Urethanes Technol. 22 (4), 
pp.29-33. 
[37] Kong, X., Narine, S.S., 2007, Physical Properties of polyurethane Plastic 
Sheets Produced from Polyols from Canola Oil, Biomacromolecules, 
8, 2203-2209. 
[38]  Pande, C.D, Kapoor, S.K., Bajaj, I., 1969, Venkataramani B. Indian Journal 
of Technology 4(4) pp.109–13. 
[39] Prociak, A., 2007, Properties of NOP modified polyurethane foams, 
Polyurethane Magazine International 4(4), pp. 218-224. 
100 
[40] Veenendaal, B., 2007, Renewable content in the manufacture of polyurethane 
polyols-An opportunity for natural oils, Polyurethane Magazine 
International 4(6), pp.352-359. 
[41] White, L., 2006, Renewable polyols gain ground as petrochemicals prices keep 
rising, Urethane Tehcnology 23(4), pp.22-30. 
[42] Petrovic, Z.S., 2008, Polyurethanes from Vegetable Oils, Polymer Reviews 48, 
pp.109-155. 
[43] Ferrer, M.C.C., Babb, D. Ryan, A.J., 2008, Characterisation of polyurethane 
networks based on vegetable derived polyol, Polymer 49, pp.3279-
3287. 
[44] Gunstone, F.D., 2002, Vegetable Oils in Food Technology: Composition, 
Properties and Uses, Blackwell Publishing, Oxford, pp.99-110. 
[45] Dworakowska S., Bogdał D., Prociak A., 2010, Synthesis of polyols from 
rapeseed oil, Proceedings of ECSOC-14, The Fourteenth Electronic 
Conference on Synthetic Organic Chemistry, pp.1-30. 
[46] Wicks, Z.W., Jones, F. N., Pappas, S.P., 1999, Organic coatings science and 
technology, 2
nd
 ed., John Wiley&Sons, pp.186. 
[47] Burdeniuc J.J., Kamzelski A.Z., 2006Blowing catalyst compositions 
containing hydroxyl and surface active groups for the production of 
polyurethane foams, European patent 1702913. 
[48] Roy S., Majumdar K.K., 2004, Preparation of organo-tin catalyst useful for 
preparation of polyurethanes, Indian patent 194604. 
[49] Glöckner, P., et al., 2008, Radiation Curing Coatings and Printing Inks, 
Vincentz Network GmbH&Co.KG, pp.11-13, 20, 21,31-37. 
[50] Mischke, P., 2010, Film Formation, Vincentz Network GmbH&Co.KG, pp.164. 
[51] C. Decker, 2001, Pigment & Resin Technology, 30, pp.278. 
[52] C. Decker, 2002, Macromolecular Rapid Communications, 23, pp.1067. 
[53] C. Decker, 2002, Polymer International, 51, pp.1141. 
[54] J. V. Crivello, 1983, Annual Review of Materials Science, 13, pp.173. 
[55] Decker, C., Elzaouk, B., 1995, European Polymer Journal, 3, pp. 1155. 
[56] Costanza, J., Silveri, A., Vona, J., 1986, Radiation Cured Coatings, Federation 
of Societies for Coatings Technology, Philadelphia. 
[57] Ong, I.W., Julia, M., Wilson, C.B., Robert, S., 2006, Antimicrobial radiation 
curable coating, US patent 7098256. 
101 
[58] Markus, J., Satzger, D., 1995, Paper presented at Finishing ’95 Conference and 
Exposition, Cincinnati, September. 
[59] Tego Journal, 2007, EVONIK Tego Chemie Service GmbH, 3
rd
 Edition, Essen. 
[60]
 
Studer, K., Decker, C., Beck, E., Schwalm, R., 2003, Progressive Organic 
Coatings 48, pp.92-100. 
[61]
 
Lecamp, L., Youssef, B., Bunel, C., Lebaudy, P., 1997, Photoinitiated 
polymerization of a dimethacrylate oligomer: 1. Influence of 
photoinitiator concentration, temperature and light intensity, Polymer 
38, pp.6089. 
[62] Decker, C., 1997, Materials Science and Technology, Processing of Polymers, 




Rutsch, W., Dietliker, K., 1998, Chemistry and Technology of UV&EB 
Formulation for Coatings, Inks & Paints, G. Bradley Ed., John Wiley 
and Sons, Vol. 3. 
[64] Felder, L., Kirchmayr, R., Huesler, R., 1979, Eur. Pat. Appl. EP 3002 
19790711. 
[65] Maag, K., Lenhard, W., Löffles, H., 2000, New UV curing systems for 
automotive applications, Progress in Organic Coatings 40, pp.93-97. 
[66] Decker, C., Moussa, K., 1988, A new method for monitoring ultra-fast 
photopolymerizations by real-time infra-red (RTIR) spectroscopy, 
Macromolecular Chemistry 189, pp.2381. 
[67] Studer, K., Decker, C., Beck, E., Schwalm, R., 2003, Overcoming oxygen 
inhibition in UV-curing of acrylate coatings by carbon dioxide 
inerting: Part II, Progress in Organic Coatings 48, pp.92-101. 
[68] Fischer, W., Weikard, J., Meier-Westhues, U., 2001, European Coatings 
Conference Proceedings, pp.277-296. 
[69] Müller, B., 2010, Understanding Additives, Vincentz Network GmbH&Co.KG, 
pp.44. 
[70] Heilen, W., 2005, Silicone resins and their combinations, Vincentz Network 
GmbH&Co.KG, pp.28, 58. 
[71] Nanetti, P., 2006, Coatings from A to Z, Vincentz Network GmbH&Co.KG, 
pp.28. 
[72] Mirgel, V., Nachtkamp, K., 1983, Farbe+Lack 89 No.12, pp.928-934. 
[73] Mirgel, V., Mennicken, G., 1984, XVII. Fatipec Kongress-Buch. 
102 
[74] Stoye, D., Freitag, W., 1996, Resins for coatings chemistry, properties and 
applications, Carl Hanse Verlag, pp.190. 
[75] Wicks, D.A., Wicks, Z.W., Blocked isocyanates III: Part A. Mechanism and 
chemistry, Progress in Organic Coatings 36 (1999), pp.148-172. 
[76] Jansse, P.L., 1989, Kinetics of reaction of blocked isocyanates, J. Oil Colour 
Chem. Assoc. vol.89, pp.478. 
[77] Lucas, H.R., Wu, K., 1993, Preparation and properties of blocked dimethyl m-
isopropenyl benzyl isocyanate for one-component coatings, J. Coat. 
Technol. vol.65(820), pp.59. 
[78] Muramatsu,I., Tanimoto, Y., Kase, M., Okoshi, N., 1993,  Correlation 
between thermal dissociation and chemical structure of blocked 
isocyanates, Progress in Organic Coatings, 22, pp.279 
[79] Wicks, D.A., Wicks, Z.W., 2001, Blocked isocyanates III Part B: Uses and 
applications of blocked isocyanates, Progress in Organic Coatings 41, 
pp.1-83 
[80] Karataş, S., Kayaman-Apohan, N., Turunç, O., Güngör, A., 2009, Synthesis 
and characterization of UV-curable phosphorus containing hybrid 
materials prepared by sol-gel technique, Polymers advanced 
technologies 
[81] Silverstein, R.M., 1981, Spectrometric Identification of Organic Compounds, 
4th edition. New York: John Wiley & Sons, pp.166. 
[82] Chatloff, R.P., Sircar, A.K., 2005, Thermal Analysis of Polymers, 
Encyclopedia of Polymer Sceince and Technology, John Wiley&Sons. 
[83] Madorsky, S.L., 1964, Thermal Decomposition of Organic Polymers, Wiley-
Interscience, New York 
[84] Lam, C.N.C., Wu, R., Li, D., Hair, M.L., Neumann, A.W., 2002, Study of the 
advancing and receding contact angles: liquid sorption as a cause of 
contact angle hysteresis, Advances in Colloid and Interface Science 
96, pp.169-191. 
[85] Braun, J. H., 1991, Gloss of Paint Films and the Mechanism of Pigment 
Involvement, J. Coating  Technology 63 (799), pp.43. 
[86] Zeno, W., Wicks, Jr., 2007, Organic Coatings: Science Technology, New 
Jersey, John Wiley & Sons, pp.48. 
[87] Goldschmidt, A., Streitberger, H.J., 2003, BASF Handbook on Basics of 
Coating Technology, BASF Coatings AG, pp.22. 





[89] 1999, ASTM, ‘Standard test method for specular gloss’, ASTM D-523, Annual 
Book of ASTM Standards, Vol. 06.01 
[90] 2007, ASTM, ‘Standard test method for calculation of color differences from 
instrumentally measured color coordinates’, ASTM D-2244, Annual 
book of ASTM Standards, Vol. 06.01. 
[91] 2007, ASTM, ‘Standard test methods for evaluating degree of chalking of 
exterior paint films’, ASTM D-4214, Annual Book of ASTM 





























































Name Surname: Fatma CÖMERT 
Date of Birth: 11.10.1985 
e-mail: fatma.comert@yahoo.com 
B.Sc.: Gazi University 
